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MILLING AND PROCESSING TUNGSTEN-Y 
by 


J. B. Zadra2/ 


INTRODUCTION AND SUMMARY 


Tungsten, a comparatively new metal, is one of the important strategic 
war materials. In peacetime, tungsten is widely used as a filament in elec- 
tric lamps and electronic tubes and is a vital constituent of some of the 
most important industrial alloys. High-speed tool steel containing tungsten 
and stellite alloys containing cobalt, chromium, and tungsten are extremely 
hard and resistant to corrosion, These alloys and the tungsten carbides are 
unequaled as cutting tools and in other wear-resistant applications, They 
play a prominent role in the present era of mass production, Alloys contain- 
ing tungsten resist oxidation at high temperatures and have been key alloys 
in the development of modern aircraft. The adaptability of tungsten to new 
uses is expanding, particularly in the high-temperature range. 


Domestic production of tungsten has come from a large number of deposits 
in 17 of the 49 States; but, of the total domestic output from 1900 to 1956, 
more than 80 percent was produced from mines in North Carolina, California, 
Colorado, and Nevada, The average tenor of the mined ore was less than l 
percent tungsten trioxide (W03). 


Various milling methods are used for concentration, including gravity, 
flotation, magnetic separation, and a combination of these methods, to produce 
concentrates that contain from 50 to more than 70 percent WO3. Slimes that 
are difficult to treat by any of the above methods are usually processed chenm- 
ically, with lower grade material, to produce synthetic scheelite containing 
70 to 72 percent WO3. 


Although some domestic tungsten mines contain large reserves, the indus- 
try faces economic instability because of the low-grade nature of the deposits, 
high production costs, and severe fluctuations in consumption and price. 
Economic instability in the past was partly caused by unpredictable military 
requirements, Between 1952 and 1956 the industry operated under temporary 
support provided by the domestic tungsten-purchase program, It has since 


1/ Work on manuscript completed February 1959, 
2/  Metallurgist, Bureau of Mines, Region II, Reno, Nev. 
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been required to compete with foreign producers at world market prices that 
are less than the cost of domestic output. Higher, more stable prices for the 
metal, search for new deposits, and improved mining and milling methods to 
reduce processing costs are needs of the industry, 


The purpose of this report is to present the technologic status and the 
problems encountered in milling and processing tungsten ores. The report sum- 
marizes milling practices and chemical treatment methods used at most of the 
major and at a number of smaller domestic tungsten operations and provides 
flowsheets developed for them, It also discusses production and uses of 
tungsten metal and analytical methods, 


HISTORY 


Discovery and Early Research 


The word "tungsten" is derived from the Swedish words "tung" and "sten," 
meaning “heavy stone." In 1758 A, F. Cronstedt applied the word to the mineral 
scheelite because of its high density, 


The origin of the word "wolfram’ is obscure, It is believed that the 
word stems from the German words "Wolf" and "Ram" or “Rahm" (froth), which 
literally mean the foam of the wolf and suggests that the ore has wolflike 
properties, This concept resulted from the tendency of wolframite, which is 
frequently associated with tin ore and originally believed to be a mineral of 
tin, to "eat up" tin during smelting operations, It was not realized at the 
time that the detrimental impurity was a new element. In 1781 Carl Scheele, 
a Swedish chemist, demonstrated that tungsten ore (scheelite) contained pecu- 
liar acid, which was combined with lime and which he called tungstic acid, 

In the same year Torbern Bergman believed that the base of the acid was a 
metal, but he was unable to isolate it, 


In 1783 the de Elhuyar brothers, Spanish chemists, showed that the min- 
eral wolframite contained the same acid discovered by Scheele, They succeeded 
in producing small globules of elemental metal, which they named "wolfram," by 
heating a mixture of tungstic acid and charcoal in a crucible, They also 
showed that the metallic element was associated with iron and manganese in- 
stead of Lime, 


Early Production and Use 


In 1847 patents were issued to Oxland in England for manufacturing sodium 
tungstate, tungstic acid, and metallic tungsten from wolfram-tin ores, These 
were followed by patents issued Oxland and Mushet in 1857 for the production 
of certain alloys with iron, steel, and other elements, 


The first important commercial use of tungsten was in 1868, when Mushet 
produced a tungsten-manganese air-hardening steel, In 1898 F, W. Taylor and 
Maunsel White developed the composition known today as high-speed steel. The 
Taylor-White steels, manufactured by the Bethlehem Steel Co,, were exhibited 
at the Paris exposition in 1900 and were received with great enthusiasm, 
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Their ability to hold a cutting edge at dull red heat promised to revolution- 
ize the tool-steel industry. 


Development of Tungsten Uses Since 1900 


Most commercial development and growth of tungsten uses have taken place 
since 1900, During this time an important application of tungsten has been in 
electric-lamp filaments, At first, growth of this use was slow because of the 
difficulty of producing a ductile metal from tungsten-metal powder. In 1904 
Just and Hannaman achieved success in making filaments by extruding a mixture 
of fine tungsten powder and an organic binder through proper-size dies and 
volatilizing the binder in hydrogen to prevent oxidation, The tungsten parti- 
cles were then sintered to form a conducting filament suitable for Lamps, but 
the product lacked ductility. In 1909 Coolidge obtained his first patent for 
producing ductile tungsten by heat treatment and mechanical working, and by 
1911 incandescent lamps using coiled tungsten filaments were manufactured 
commercially. 


Tungsten carbide, first produced by H. Moissan in 1896 by reducing tung- 
stic trioxide with carbon, was used successfully as early as 1919 in manufac- 
turing tools and dies. However, the problem of brittleness was not fully 
solved until 1927, when tungsten carbide was bonded with metallic cobalt at 
the Krupp Laboratory at Essen, Germany, and the cemented tungsten carbide was 
used in cutting tools, wire, drawing dies, and other items, Other carbides, 
such as titanium and tantalum, were used later to form mixed cemented carbides 
for cutting operations and special purposes, These products were made by 
pressing the mixtures of metallic carbide powders into desired shapes and 
sintered at high temperatures. 


Although aluminothermic, silicothermic, and crucible methods of manufac- 
ture were used in earlier years, ferrotungsten, as an additive to steel, was 
first produced in the United States between 1916 and 1918. It was made in 
small, knockdown, fire-brick electric furnaces using 4-inch graphite elec- 
trodes, Buttons weighing 300 to 400 pounds were produced, with an approximate 
yield of 70 percent, In 1929-30, a new electric reduction furnace was de- 
signed that produced a button of ferrotungsten weighing 14,000 pounds, with a 
yield above 90 percent. This type of furnace is still being used today to 
produce ferrotungsten, 


Current tungsten research is directed toward development of alloys for 
use at 1,800° to 2,500° F. or higher, The basis for this type of research is 
indicated by the following notes from an address by R. H. Thielemann (43) .3/ 


The compositions of six alloys that are well known and have been used in 
substantial quantities in critical, high-stressed, high-temperature applica- 
tions are listed below: 


3/ Underlined numbers in parentheses refer to items in the bibliography at 


the end of this report. Pages cited refer to the item and not to this 
publication, 
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Important Tungsten-Containin High- 
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Carbon.... 
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Molybdenum 
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0 
4.0 
4.0 
4.0 
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4 


Iron...... | Balance, |Balance. 5.0 max.| Balance, 2.0 max, 
Form...... | Wrought Wrought. Wrought. |Cast. Wrought. 
Principal | Exhaust Turbosuper- | Jet- Furnace Combustor 
use.,..... | Valves in| charger engine supports. components 
aircraft | blades and | blades, in jet- 


engines, disks, engines. 

It is significant that tungsten is present in all six of these alloys. 
The TPA valve steel developed by the French in World War II was, until re- 
cently, used almost universally for exhaust valves in aircraft and other high- 
performance engines, The Cyclops 17W alloy was a modification of the TPA 
valve steel and was used for the turbine blades and disks in the early General 
Electric turbosuperchargers, The S-816 alloy was developed for the jet-engine 
blades in J-33, J-35, and J-47 jet engines and is still used in these applica- 
tions, The cast X-40 (Stellite 31) alloy was developed in 1943 and is still 
being used for turbine blades in our most advanced jet engines. The Blaw-Knox 
alloy (NA-22H) was developed as a support material for boiler tubes and fur- 
nace components having strength, oxidation resistance, and stability over long 
periods at temperatures up to 1,800° F, The L-605 alloy (Stellite 25) is 
being used extensively for combustion components in jet engines, rocket motors, 
and other applications where temperatures may reach 2,000° F. or higher, Many 
other alloys, such as the 18-4-1 high-speed tool steel, that have performed 
well in many critical applications, depend upon the properties imparted by 
tungsten, 


Tungsten Resources, Production, Consumption, and Price 


The commercial tungsten minerals are wolframite, ferberite, hubnerite, 
and scheelite. Wolframite (including hubnerite and ferberite) is the most im- 
portant world source of tungsten, whereas scheelite is the principal domestic 
source, In recent years scheelite has comprised about 75 percent of the United 
States tungsten production and wolframite the remaining tungsten. Total world 
eeeery ys of tungstic trioxide are estimated to be about 175 million short-ton 
units.4/ Asia has the largest and richest deposits, although North America, 
South America, Europe, and Oceania have low-grade deposits, 


4/ A short-ton unit is 20 pounds of WO3. Ore assaying 1 percent W03 con- 
tains one unit per ton, 
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Since World War I the United States has depended on foreign imports for 
much of its tungsten, The largest supply came from China, which supplied 
about 40 percent of the domestic requirements until 1939, when the Chinese 
source of supply was cut off, causing a tungsten shortage in the United States, 
This factor, plus the outbreak of war late in 1939, brought about an increased 
domestic demand for tungsten, 


To stimulate domestic tungsten production to meet the war demand, the 
Metals Reserve Company, in February 1942,established a Government stockpiling 
program, with purchasing depots in California, Nevada, Arizona, New Mexico, 
and Colorado, Prices paid from April 1942 to December 1943 to small producers 
were $24 per short-ton unit of Specification-grade (60 percent W03) concen- 
trate, The program was later extended to December 1944 and the price increased 
to $30 per unit. On April 30, 1944, the Metals Reserve Company discontinued 
its premium-price payment, which resulted in the closing of several mines and 
decreased production in others, 


In 1945, following World War II, imports and consumption decreased, In 
the latter part of the year, however, industrial activities increased the de~ 
mand for tungsten, and in July 1946 Congress amended the Stockpiling Act for 
the acquisition and retention of stocks to eliminate risks in emergencies, 

This action, combined with the increased domestic demand for tungsten, led to 
an increase in the price of imported tungsten to $33 per short-ton unit of W03 
and $32 per short-ton unit of WO3 in domestic scheelite. In spite of the in- 
creased price and the demand for tungsten, domestic production decreased, Pro- 
duction was 4.6 million pounds in 1946 and decreased 65.2 percent to 3 million 
pounds in 1947; however, imports remained at the same level. 


Expanded industrial activities in 1948 again increased the demand for 
tungsten, During the year domestic production reached 4 million pounds, an 
increase of 33 percent over 1947, Imports increased 25 percent to 7.5 million 
pounds, and consumption increased to 8,8 million pounds compared with 7.8 
million pounds in 1947, 


A decrease in industrial activities in 1949 caused prices and domestic 
production to decline, Import prices dropped to a low of $18 per short-ton 
unit of WO3. Domestic output decreased t> 2,9 million pounds, imports to 6,2 
million pounds, and consumption to 4,9 million pounds, 


The hostilities in Korea early in 1950 created a demand for tungsten, 
which with the loss of supply from China and Korea, led to a rapid increase in 
the price of tungsten. In 1951 demands exceeded the combined domestic produc- 
tion and imports, and the net result was depletion of inventories, To over- 
come this shortage, the Government in April 1951, instituted drastic restric- 
tions in the use of tungsten and at the same time provided a long-term purchase 
program designed to stimulate domestic production, The program provided for 
the purchase of 3 million short-ton units over a 5-year period or to July l, 
1956. The price for domestically mined tungsten was set at $65 per unit. The 
program was later extended to July 1, 1958, but the price was lowered to $55 
per short-ton unit; however, failure of the Congress to provide adequate funds 
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caused suspension of purchases in December 1956, The incentive established in 
1951 stimulated domestic production, The 1953 output of 9,2 million pounds 
exceeded consumption. In 1954, 1955, and 1956, production of 13.1, 15.8, and 
14.3 million pounds, respectively, greatly exceeded consumption, 


Figure 1 shows the trends in domestic ore produced, consumption, and 
selling price from 1900 to 1956, figure 2 the location of tungsten mills in 
California, figure 3 the location of tungsten mills in Nevada, and figure 4 
the tungsten-bearing zones in the Western States, 


TUNGSTEN MINERALS 


Tungsten never occurs free in nature and is found only in a few minerals. 
Of the known tungsten~bearing minerals, the four of commercial importance are: 
Ferberite, FeW0O,; wolframite, (Fe, Mn) WO,; hubnerite, MnWO,; and scheelite, 
CaWO,. Hess and Schaller (26) divide these minerals into two groups (wolfram- 
ite and scheelite); the first group contains ferberite, wolframite, and hubner- 
ite; the second contains scheelite, 


The economic tungsten minerals are tungstates, in which the tungsten is 
combined with oxides of calcium, iron, and manganese, Although a number of 
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FIGURE 1. - Trends in Domestic Tungsten Ore Produced, Consumption, 
and Selling Price, 1900-56. 
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1. New Idria Mining and Chemical Co. 

2. Round Valley Tungsten Co. 

3. El-Diablo Mining Co. 

4. Red Hill Custom Mill 

5. Molybdenum Corporation of America, 

Benware Mill 
6. Union Carbide and Nuclear Co., 

(U.S. Vanadium Co.) 


7. Ajax Tungsten Corporation 
8. Rossi Mill 
9. Miller and Warnken Mill 
10. Piute Mining and Milling Co. 
11. June Bee Mill 
12. Tulare County Tungsten Mining Co. 
13. Sherman Peak Mining Co. 
14. Wah-Chang Mining Corp., Benton Mill 
15. McKee Mill 
16. Rand Mining and Milling Co. 
17. Butte Lode Mill 
18. Surcease Mining Co. 
19. Parker Bros. Mining and Milling Co. 
20. Minerals Material Co. 
21. Section 9 Tungsten Mine and Mill 


FIGURE 2. - Location of Tungsten Mills in California. 
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1. Getchell Mine Inc. 
2. Winnemucca Mountain Mining Co. 
3. Nevada Massachusetts Co. 

4. Wolfram Company-Toulon Mill 

5. Trojan Mill ee eee -Highway 91-5 


6. White Cap Metals Mill 26 
7. Metallurgical Development Co. 
8. Churchill Tungsten Mining Co. 
9. Conquest Mine and Mill Highway 91-93 


10. Minerva Custom Mill 

11. Baltimore Camas Mill 

12. Strategic Metals-Tungstonia Mill 
13. White Star Tungsten Mill 

14. Nevada Scheelite Corp. 


15. Dead Horse Wells Mill 21. Kinkead Mill 

16. Commodore Mill 22. Florey Mill 

17. Gabbs Exploration Co. 23. Minada Corp. 

18. El-Capitan Mill 24. Gun Metal Mill 

19. Baxter Mill 25. Wah Chang Corporation-Lincoln Mill 
20. Yaney Custom Mili 26. Tri-State Metals Mill 


27. Linka Mine and Mill 


FIGURE 3. - Location of Tungsten Mills in Nevada. 
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tungstic acids have been 
prepared artificially, salts 
of only one acid have been 
found in nature, namely, 
those of the normal tungstic 
acid (H2WO,). Tungsten has 
been identified in a number 
of minerals as an impurity, 
but only 12 distinct species 
of minerals containing tung- 
sten are known, In virtually 
all of its minerals, tungsten 
is one of the chief constitu- 
ents; the two exceptions are 
powellite and chillagite, 
Table 1 lists the known tung- 
sten minerals and gives their 
theoretical composition and 
the percentage of tungsten 
contained in each mineral. 


\ 
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Stolzite and raspite 
differ only in crystal form, 
Stolzite is tetragonal, and 
raspite is monoclinic, 


FIGURE 4. - Tungsten-Bearing Zones in the 


Western States. 


TABLE 1, - Tungsten minerals 


aoe 
Mineral Composition vercentL/ 


Scheelite........ | Calcium tungstate (CaW04) 63.9 
Ferberite........| [ron tungstate (FeW0,) 60 .6 
Wolframite....... | Iron-manganese tungstate (Fe, Mn)WO,) 60 .6-60.7 
Hubnerite........ | Manganese tungstate (MnW0,) 60.7 
Powellite........ | Calcium-tungstomolybdate (Ca, Mo)WO,4) - 
Chillagite,...... | Lead tungstate-lead molybdate (3PbWO, .5PbMO,) 17.2 
Stolzite......... | Lead tungstate (PbWO,) 40.4 
RAADLtG. ssc sssiews ; 40.4 
Cuprotungstite... | Hydrous copper tungstate (CuW0,.2H 20) 52.9 
Tungstite........ | Hydrous tungsten trioxide (W03.H,0) 73.6 
Tungstenite...... | Tungsten sulfide (WS>) 74.6 
Ferritungstite,.. | Hydrous iron-tungsten oxide (Fe703.W03.6H,0) 41.5 


1/ Theoretical, 


Reinite (FeW0,), as described by Dana (12, p. 991), may be regarded as 
nearly pure ferberite, pseudomorphic after scheelite., 


According to Dana, cuproscheelite is a tungstate of copper and calcium 
(Ca, Cu)WO,; it may be scheelite partly altered to cuprotungstite, in which 
the calcium has not been wholly replaced by copper, 
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Meymacite, another alteration product described by Carnot, may have the 
formula WO3.H20 and is probably the same as tungstite. 


Dana's System of Mineralogy also mentions the small quantities of tung- 
Sten are contained in the columbium-tantalum minerals, but the information 
concerning them is so incomplete that their existence as definite mineral 
species cannot be considered authentic. 


PROPERTIES OF ECONOMIC TUNGSTEN MINERALS 


Table 2 gives the physical and chemical properties of the four principal 


tungsten minerals, 


TABLE 2. - Physical and chemical properties of economic tungsten minerals 


Mineral 
Composition (pure) 
WO3, percent...... 
W, percent...cceee 
Crystallization... 
Cleavage....cccocce 


Specific gravity.. 
COLOE sb ceswree eee 
DPenacltyvscie cose 
LUS CEY 46%.5é.44 404508 
PLACCUL C65 i56 ws siete 


Hardnes8.....cccces 
Magnetism.......e. 


SUrGak . visseceeswss 


Diaphaneity....... 


Common form of 
OCCULTYTENCE, . cece 


Wolframite 


FewO, 
76.3 
60.6 
Monoclinic 
Perfect in 

1 direction 
1é2 
Black 


Very brittle 
Submetallic to 
metallic 

Uneven 

5 

Somet imes 
feebly 
magnetic 

Dark brown to 
nearly black 


Opaque to 
translucent 
in cleavage 
plates 

Well-defined 
crystals, 
massive 
cryptocrys-= 
talline 


(Fe, Mn)WO4 
76.5 
51.3 
Monoclinic 
Perfect in 
1 direction 
7.1-7.5 
Dark gray to 
biack 


Very brittle 
Submetallic to 
metallic 
Uneven 

5-5.5 

Slightly 
magnetic 


Dark brown to 
black 


Opaque 


Irregular 
masses 


Scheelite 
CaW04 
80 .6 
63.9 
Monoclinic Tetragonal 
Perfect in Good in 
1 direction 4 directions 
7,.2°7.3 5.4-6.1 
Reddish brown | Pale yellow 


to black brown, com- 
monly white 
Very brittle 


Vitreous to 


Very brittle 
Submetallic to 


adamantine resinous 
Uneven Uneven 
5 4.5-5 
Nonmagnetic 
Brownish red |White 


greenish 
yellow 


Opaque to 
translucent 


Transparent to 
translucent 


Massive and 
small grains 


Radiating 
groups of 
thick-bladed 
crystals 


Ferberite, wolframite, and hubnerite form a continuous series of iron- 
manganese tungstates, of which ferberite is a member at the iron end and 


hubnerite a member at the manganese end, 


The iron and manganese contents of 


the series are so variable that mineral identity cannot be distinguished 
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without chemical analysis; therefore, the entire series is often called wolf- 
ramite, No specimen of ferberite free from manganese or hubnerite free from 
iron has been found in nature. Since the wolframites form a complete series 
with an indefinite number of members, any classification of the minerals into 
ferberite, wolframite, and hubnerite must be arbitrary. The following defini- 
tions, proposed by Hess and Schaller (26), are generally accepted, 


Ferberite, ~- A monoclinic iron tungstate having, when pure, the composi- 
tion FeW0,. It may contain not more than 20 percent of the hubnerite molecule 
MnW0z, . 


Wolframite. - A monoclinic mineral containing the ferberite molecule 
(FeWO,) and the hubnerite molecule (MnW04) in all proportions between 20 per- 
cent FeWO, and 80 percent MnW0,4 and 80 percent FeWO, and 20 percent MnWO,., 


Hubnerite. - A monoclinic manganese tungstate having, when pure, the com 
position MnWO4., It may contain not more than 20 percent of the ferberite 
molecule FeWO,. 


The wolframites are metallic in appearance, and scheelite is vitreous or 
resinous in luster, 


The economic tungsten minerals are characterized by high specific gravi- 
ties ranging from 5.4 for scheelite to 7.5 wolframite (table 2). The tungsten 
minerals are two to three times as heavy as quartz, which has a specific grav- 
ity of 2.6. This wide difference in specific gravity is utilized in separating 
quartz, calcite, and other lower specific gravity minerals when ores are con- 
centrated by gravity methods, 


Because of their similarity in chemical composition and the fact that the 
atomic weights of iron and manganese are almost the same (Fe 55.84; Mn 54.93), 
the wolframites contain approximately the same percentage of tungsten trioxide , 


Each of the minerals in the wolframite series has a perfect plane of 
parting (cleavage) in one direction, Scheelite has eight planes of parting; 
four are pronounced, and four are not, 


The principal tungsten minerals have a hardness of about 5 on the Mohs 
scale of hardness, which is: 1, Talc; 2, gypsum; 3, calcite; 4, fluorite; 
5, apatite; 6, feldspar; 7, quartz; 8, topaz; 9, sapphire; and 10, diamonc. 
The tungsten minerals are easily scratched with the blade of a good pocket- 
knife, which has a hardness of about 5-1/2, 


The streak of a mineral (the color of its fine powder) is best obtained 
by rubbing the mineral on a piece of unglazed porcelain and brushing off the 
excess, It may be obtained less satisfactorily by pulverizing a fragment of 
the mineral or by scratching the mineral with a pocketknife or file. The 
streaks of the wolframites range from black for the wolframites through brown 
to brownish red for the hubnerite. The streak of scheelite is white. 
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MINERALS ASSOCIATED WITH TUNGSTEN ORES 


The tungsten ores of the United States occur in six types of deposits - 
segregation, pegmatite, replacement, contact-metamorphic, veins, and placers. 
The tungsten minerals (26, pp, 37-45) in these deposits are hubnerite, ferber- 
ite, wolframite, and scheelite. Contact-metamorphic deposits containing tung- 
sten invariably contain scheelite and are the greatest source of domestic pro- 
duction, Domestic contact-metamorphic deposits are found in the Great Basin 
region of California, Nevada, western Utah, Montana, Arizona, New Mexico, 
Oregon, and Washington, They are formed in intruded rocks of calcareous com=- 
position by solutions and gases that emanate from the intruded magma (46, p, 4). | 


The original calcareous composition of the carbonate material is metamor- 
phosed during intrusion to an aggregate of contact-metamorphic minerals, gar- 
net, epidote, calcite, diopside, actinolite, scheelite, zoisite, vesuvianite, 
clinozoisite, and quartz. Potash and magnesium micas, pyrite, molybdenite, 
zeolites, and many other minerals are present in some contact-metamorphic 


deposits (25, p. 249), 


The tungsten mineral of the Nederland and Boulder districts in Boulder 
County, Colo., is ferberite, which occurs in fine-grained quartz called "horn 
rock" (34) in Cambrian gneissic quartz monazite, The minor constituents of 
the veins include hematite, magnetite, fluorite, dickite, ankerite, siderite, 
barite, adularia, montmorillonite, halloysite, beidellite, scheelite, and opal. 


The Climax molybdenum deposit (7), one of the world's largest in Lake 
County, Colo., contains the tungsten mineral hubnerite, which is recovered as 
a byproduct concentrate from the molybdenum ores, The primary minerals in the 
deposit are chalcopyrite, fluorite, hubnerite, molybdenite, orthoclase, pyrite, 
quartz, sericite, sphalerite, and topaz, The secondary minerals are chalco- 
cite, jarosite, limonite, and molybdite, Hubnerite occurs with sericite in 
small quartz veins that cut the silicified rock and the molybdenite veins. 

It is also present in many quartz-pyrite veins that cut all zones of altera-~ 
tion including the molybdenite veins, 


The tungsten mineral of the Ima-mine ore body in Lemhi County, Idaho (17), 
is hubnerite that occurs in quartz veins, The veins are present in quartzite 
near its contact with granite intrusives, and some ore also is found within 
the granite. The principal metal-bearing minerals in the veins are hubnerite, 
silver-bearing tetrahedrite, galena, chalcopyrite, sphalerite, and molybdenite, 
The principal gangue minerals are fluorite, rhodochrosite, mica, talc, and 
pyrite, 


The tungsten minerals in the ore of the Tungsten Mining Corp., Vance 
County, N. C. (18), are hubnerite and scheelite that occur in quartz veins, 
The principal tungsten mineral, hubnerite, is accompanied by minor amounts of 
scheelite, Quartz is the dominant gangue mineral, with subordinate amounts of 
fluorite, rhodochrosite, and sericite, Pyrite, the predominant metallic min- 
eral is accompanied by some chalcopyrite, galena, sphalerite, and tetrahedrite; 
molybdenite is extremely rare. 
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ORE~DRESSING TUNGSTEN ORES 


Since World War I the art of beneficiating tungsten ores has made great 
strides, As late as 1916, grinding equipment consisted largely of gravity 
stamps, Their use resulted in high losses of tungsten through production of 
excessive slimes, Stage crushing or size classification had not yet been well 
developed, The ore were classified by screening and gravity concentration, 
using shaking tables, vanners, and canvas-covered tables, In the light of 
present knowledge, it is not surprising that the average recovery at these 
early mills was as low as 60 percent or less, 


In recent decades exploitation of contact deposits in California and 
Nevada has given rise to certain milling problems that have resulted in the 
use of flotation as an adjunct to gravity concentration in treating scheelite 
ores, The comparatively high losses due to sliming of scheelite during milling 
have commanded the attention of several investigators, Although flotation has 
increased the overall recovery of tungsten minerals and despite advances in the 
art over the past 30 years (3, 19, 31, 42), achieving high recovery of the 
tungsten mineral from slimes still requires a continued, intensive research 
effort. However, the recovery of tungsten from slimes and low-grade products 
by chemical means to produce synthetic scheelite has proved satisfactory. 


Slimes and Their Characteristics 


In discussing ore-dressing methods for tungsten ores and milling prac- 
tices at principal mines, the words "slime" or "slimes" are used frequently. 
For clarity it is appropriate to discuss the constitution of a slime and its 
characteristics. 


The mineral scheelite is friable, and in crushing and grinding the ore 
is more readily reduced to fine particles than the associated gangue minerals, 
In grinding the ore finely enough to liberate most of the scheelite, a sub- 
stantial portion (5 to 20 percent) is inadvertently reduced to a finer size 
than that necessary to liberate the scheelite mineral, This portion is 
usually refractory to flotation, Although flotation is the method used to 
recover minerals in fine sizes, it has limitations as to particle size, 
Definite reduction in floatability, with reduction in particle size beyond 
a critical size of maximm floatability, is now an established fact, The flo- 
tation of fine sizes of nonmetallic and nonsulfide minerals usually begins to 
fail on sizes smaller than 20 microns. Moreover, these extremely fine mineral 
particles become slime-coated, rendering flotation reagents ineffective for 
their recovery, For all practical purposes, then, .a true slime can be said 
to be a mineral particle smaller than 20 microns, 


Unfortunately, in tungsten-milling operations the word "slime" is used 
rather loosely, For example, in a tungsten-milling operation that utilizes 
gravity and flotation methods it is customary to size the ground product into 
several fractions or into coarse, medium, and fine granular products suitable 
for table concentration using cones, hydraulic classifiers, or equivalent 
equipment, Mineral particles, although granular, but too small to respond to 
table concentration, come over in the cone or hydraulic classifier overflow 
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and are termed "slimes" rather than "flotation feed." A practical mill slime 
therefore is something different from a true slime, [It contains granular min- 
eral particles (larger than 20 microns) that respond to flotation treatment 
and also particles (less than 20 microns) that do not respond to flotation, 
This condition explains the difficulty in achieving high recovery of tungsten 
minerals from slimes or production of high-grade concentrate, 


Conditions Governing Ore Dressing 


The ore~dressing or milling methods selected for beneficiating tungsten 
ores depend largely upon the nature and characteristics of the tungsten miner- 
als present. A flowsheet for tungsten ores free of other heavy minerals is 
relatively simple; refractory or complex ores, being more difficult to treat, 
require ore-dressing studies to develop applicable methods. The presence of 
such minerals as pyrite, arsenopyrite, pyrrhotite, sphalerite, calcite, and 
apatite affects successful milling of the ore and production of an acceptable 
or marketable concentrate, In addition, ore dressing is made more difficult 
when subsidiary minerals containing tin, molybdenum, and bismuth are present 
in sufficient quantities to warrant their recovery. To add further to milling 
problems, ores in tungsten deposits originating within the same general area 
or district may vary considerably in composition and characteristics (5, p. 17). 


Most tungsten deposits are low grade, and the tenor of ore that can be 
profitably concentrated depends upon the market value of the concentrate per 
unit of tungsten and the amenability of the ore to concentration, Most mills 
strive to produce a concentrate containing at least 60 percent W0O3, but to 
achieve this with certain types of ore will occasionally result in lower re- 
covery of tungsten, Generally, for scheelite ores treated in modern mills 
equipped with gravity and flotation facilities, 60- to 65-percent recovery is 
considered fair, 80-percent good, and over 90-percent exceptional. With wolf- 
ramite ore /Q-percent recovery is considered fair and 80- to 90-percent 
exceptional, 


It usually is assumed that the higher the grade of mill feed, the higher 
the percentage of extraction that can be expected. This is not always true, 
for at times lower grade ores are more amenable to concentration than higher 
grade ores and produce more tungsten trioxide per ton of ore treated. 


The capacity of a tungsten mill is rated by the number of tons of ore 
treated in 24 hours, the grade of ore, and the quantity of concentrate and 
tungsten trioxide produced (5, p. 17). The standard used in marketing tung- 
sten is the unit (1 percent of a short ton or 20 pounds of W03). 


Concentration of Tungsten Ores 


Tungsten ores are beneficiated by crushing and grinding to liberation 
size of the tungsten minerals, followed by concentration of the tungsten min- 
erals by gravity and/or flotation methods, leaching, roasting, and magnetic 
separation of the concentrate, 
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Crushing and Grinding 


All tungsten minerals are friable, and concentrating processes are hin- 
dered by the production of excessive fines, The first consideration in bene- 
ficlating or concentrating any tungsten ore is to recover the mineral without 
overgrinding, which causes excessive sliming, This is best accomplished by 
Stage crushing and grinding. 


Stamp mills are virtually obsolete, In a stamp battery tungsten minerals 
Slime readily, because they are brittle, Their high specific gravity prevents 
their discharge from the battery unless they are finely divided (45, 46). 
Present practice favors primary and secondary crushing in jaw crushers, Where 
tungsten minerals can be liberated at coarse sizes, rolls can be used advan- 
tageously following secondary crushing, as they produce less slimes than grind- 
ing equipment. When finer grinding is required than is ordinarily achieved by 
rolls, a rod mill should be used as the first grinding step, as a rod mill 
ordinarily produces less slimes than a ball mill. For still finer grinding, a 
grate-type ball mill is used (46). Sliming in a ball mill can be lessened by 
using an excess amount of water to carry the ore through quickly, thus reduc- 
ing the time of grinding contact in the mill. Grate-type ball mills have been 
used successfully at the Round Valley and Pine Creek tungsten mines near 
Bishop, Calif, 


Classification 


Because tungsten ores are friable and tend to slime, classification is a 
most important factor in achieving good recovery. To obtain a good recovery 
from tungsten ores, the fundamental practice that must be followed in modern 
milling is to size the ore as it passes through the plant and recover as much 
of the tungsten mineral as possible from each size material by using equipment 
best suited for each stage... This procedure is important because the sliming 
loss is reduced by minimizing the quantity of tungsten minerals present in the 
material subjected to regrinding, This method also reduces the amount of 
equipment necessary for treating slimes. The best practice in good classifi- 
cation and separation of slimes from sands (granular products) is to place in 
the mill circuit such screens, hydraulic classifiers, settlers, and cones as 
are consistent with economy, high recovery, and production of a marketable 
product, 


Gravity Concentration 
Jigging 


Because of the high specific gravity (5.4 to 7.5) of tungsten minerals, 
gravity methods are commonly used to separate the tungsten minerals from the 
gangue material. Jigs are useful in concentrating tungsten ores in which the 
tungsten mineral occurs in a coarse form, permitting recovery of a coarse 
high-grade concentrate and thereby reducing slime losses resulting from 
additional grinding, 
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Two types of jigs are commonly used. One is a pulsatory type that pro- 
duces a finished coarse concentrate, a finished or semifinished hutch concen- 
trate, and a coarse tailing. Such jigs include the Harz, Richards, and 
California-type Bendelari, The second type is the fine-mineral (hutch-type) 
jig, which produces a concentrate (hutch) and a tailing. Jigs of this type 
are the Denver and the Pan American, 


Feed to the coarse-type jig usually consists of ore crushed from 1/4 to 
3/4 inch in size, depending on the coarseness of the tungsten mineral in the 
ore, The size of the hutch product of the coarse-type jig varies with the 
size of the screen openings of the bed screen used in the jigging compartment 
and may range from 3/8 to 1/8 inch, Usually, the hutch product is a market- 
able concentrate; if not, it is upgraded in the fine jig, or by tabling. 


The coarse jig tailing is usually treated in two ways before finer crush- 
ing. If the nature of the tailing material permits, the pulsatory stroke of 
the jig is shortened to permit a shorter and gentler lift in the jigging com- 
partment, In this manner the coarse tailing is rejigged to produce a middling 
product and a final tailing for disposal, If this procedure is not permissi- 
ble, all of the coarse tailing is recrushed, In either instance, the jig mid- 
dling or the coarse tailing is recrushed in rolls to minus-l0-mesh, and the 
unclassified, minus-10-mesh product is jigged in the fine-mineral jig. The 
fine-mineral jig recovers a high-grade concentrate in all sizes (except slimes) 
from the unclassified minus-10-mesh product, The final treatment consists of 
grinding and classifying the fine jig tailing in preparation for table 
concentration, 


Tabling 


Various types of shaking tables, such as the Wilfley, Deister, Overstron, 
Isbell, Card, and James, which can be equipped with sand or slime decks, are 
used in concentrating tungsten ores, 


Lf only coarse jigs are used in the circuit, the tungsten ore and/or jig 
tailing or middling is ground to minus-10-mesh in a ball mill or rod mill; 
the minus-10-mesh product is deslimed; and the sand product is classified into 
coarse, medium, and fine sands. The sized fractions are then concentrated 
separately on tables suitable for coarse, medium, and fine-sand treatment, 
producing a concentrate, a middling, and a tailing. 


The middling from the coarse tables and sometimes the coarse tailing (if 
warranted) are reground and classified for further concentration on the medium 
and fine sand tables. 


The same procedure is followed for the middling and tailing from the me- 
dium table, The amount of regrinding, classification, and retabling will de- 
pend, within economic limits, on the mesh grind necessary to unlock the tung= 
sten minerals from the gangue material. The objective is to recover as mich 
of the tungsten minerals as possible between each regrind and table treatment 
to avoid excessive losses of slime, Finally, the accumulated slimes are 
thickened and treated on a table provided with a slime deck or by flotation, 
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Ample table capacity is required to reduce losses, as recovery is lowered 
decidedly if the tables are overloaded, Standardization on one make of table 
is preferred to accomplish flexibility in interchangeable decks and to mini- 
mize repair shutdowns, 


Dewatering and Thickening 


Mechanical thickeners are used for two purposes - first, to thicken the 
pulp to the desired density for further treatment; and second, to recover as 
much water as possible for reuse, Thickeners are essential in districts where 
water is scarce, Other means for thickening are cones, generally used for 
coarse products such as jig and table; and centriclones for classifier over- 
flow products and slimes. Drag classifiers are used for dewatering coarse 
products, such as coarse concentrates, before drying. 


Flotation Process 


As late as 1931 flotation was largely limited to the separation of sul- 
fide minerals from nonsulfide gangue minerals and for the selective separation 
of one sulfide mineral from another, Since then, several investigators (9, 

10, 14, 15, 16, 20, 29, 30, 32, 36, 42) have successfully applied the flota- 
tion process to nonsulfide minerals, notably feldspar, phosphate rock, bauxite, 
fluorspar, rhodochrosite, manganese oxide, barite, siderite, chromite, kyanite, 
ferberite, and scheelite, 


Coghill and Clemmer (9, p, 459) conducted extensive investigations on the 
floatability of various tungsten minerals and determined that scheelite may be 
floated readily from ores in which quartz gangue predominates. However, they 
found that the flotation of scheelite from contact metamorphic ores (tactite) 
containing a high percentage of calcite was more difficult, largely because 
both minerals (scheelite and calcite) contain CaO as the basic portion of the 
molecule, This similarity resulted in the flotation of calcite, as well as the 
scheelite, by the reagents that are effective for the scheelite, namely, oleic 
acid or sodium oleate, These reagents were of the bulk-flotation type and had 
no selectivity for the two minerals, Dean and Hersberger (14, p, 7) stated 
that calcite may be depressed by using certain concentrations of sulfuric acid. 
In practice, it is clear that it would not be economical to maintain a pulp at 
the required acid concentration with ores containing 25 percent or more of 
calcite, 


Apart from the fact that the similarity between scheelite and the gangue 
mineral calcite in contact metamorphic ores causes difficulty in extracting 
the desired mineral selectively from the ore by flotation, the problem is com- 
plicated further by the necessity of making the separation on slimed material. 
Gaudin and Malezemoff (21, pp, 597-607) have shown that very fine, as well as 
very coarse, particles, were not readily floatable and that there was a defi- 
nite reduction in floatability with reduction in particle size beyond a criti- 
cal size of maximm floatability. These investigators believed that nonflota- 
tion of colloidal mineral particles was due to inability of the particles to 
come in contact with gas bubbles because of their fine size and state of dis- 
persion, Flocculation, of course, overcomes the effect of excessive fineness 
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of the particle, but it is necessary to flocculate selectively the valuable 
mineral particles without flocculating them with fine gangue particles, 
Coghill and Clemmer (9, p. 459) stated that the two phenomena - selective 
flocculating of the desired mineral and dispersion of the gangue - epitomize 
flotation; however, it is difficult to accomplish this on extremely small par- 
ticles, Actually, the slime problem is one of utilizing the slimed material 
by the best possible method (either flotation or other means) after recovery 
of as much of the values as is economically possible by gravity methods, 
Usually, mills that utilize flotation as an adjunct to gravity separation 
grind the gravity middlings to flotation size and combine them with the slimes 
for flotation, In this manner, an additional recovery of 5 to 20 percent is 
achieved, 


Apart from the limitations imposed by fineness of grind in treating slimes 
by flotation, as explained under Slimes and Their Characteristics, other fac- 
tors (such as hardness of water, peculiarities of the ore, and local conditions) 
influence the recovery, Each area or district, although milling contact-meta- 
morphic ores, has its own problem of beneficiation. Failure to accomplish 
economic recovery of the tungsten minerals from the slimes by flotation sug- 
gests recovery of the tungsten from the slimes by chemical means, 


Flotation 


Tungsten minerals are nonsulfide, and their concentration by flotation 
relies on the use of some derivative of the fatty acids. If contaminating sul- 
fide minerals occur with tungsten, they are usually first removed by flotation 
using the usual reagent (such as xanthate, Reagent 301, or Reagent 404) or the 
aerofloats (such as Aerofloat 24, or Aerofloat 31, Reagent 238, or Reagent 242), 
The resulting tailing from the sulfide flotation is then treated with quebracho 
or palcotan, sodium silicate, and sodium carbonate, as gangue depressants, and 
with oleic acid or tall oil, as collectors for the tungsten minerals, 


The tungsten content of most ores is low (0.4 to 1.0 percent W03), which 
means that high rejection of gangue material is essential. For this purpose, 
a lacy froth structure is preferred, which will support particles of tungsten 
minerals and at the same time permit the elimination of gangue material from 
the froth colum, A suitable froth that accomplishes this is obtained by 
using sulfonated hydrocarbon reagents of the detergent and wetting-agent type, 
or certain rosin soaps, 


Although the sulfonated reagents impart the required froth structure, 
they must be used in small quantities to avoid depressing the tungsten miner- 
als, With some ores, even under the best conditions, the flotation concen- 
trate is upgraded on shaking tables, Flotation concentrates that contain 6 to 
20 percent WO3 can be upgraded to 50 to 65 percent WO3 by tabling. The table 
tailings that are too high in tungsten content to be discarded are returned to 
the circuit, Wetting agents aid in separating tungsten minerals from the 
gangue material during tabling operations. 


Google 


19 


Promoters or Collectors 


Promoters or collectors are reagents whose molecules will selectively 
attach to the surface of the mineral particles to be floated so as to cause 
the mineral to adhere to the froth bubbles and collect them in the froth as a 
concentrate, Chief among the promoters of tungsten minerals are fatty acids, 
soaps, and fatty acid emilsions, Oleic acid and sodium oleate are typical 
promoters, Oleic acid is widely used, both alone and in combination with Re- 
agent 708, a fatty acid of vegetable origin. Emulsions of fatty acids stabi- 
lized with Aerosol OT or Aerosol 18 also may have possibilities as a promoter 
for certain tungsten minerals, Ten percent Aerosol OT has been used in the 
form of a dilute water solution as a spray on the froth just before the froth 
overflows the flotation machine. This treatment reduces the insoluble content 
of the concentrate (1, p, 22). Soaps, such as saponified linseed fatty acid 
or sodium oleate, are used with good results by some operators, Frequently, 
promoters that are effective on tungsten minerals may also promote other min- 
erals not desirable in the tungsten concentrate, Reagent control is therefore 
of utmost importance, 


Frothers 


Most promoters or collectors used in the flotation of tungsten ores are 
frothers to a certain degree, The use of oleic acid, sodium oleate, or other 
soaps is often limited because of the excessive amount of froth they produce 
under conditions necessary for selectivity. Alcohols, cresylic acid, and 
Emulsol X-1 are commonly used with fatty acids. Other frothers and froth modi- 
fiers that may be used in the flotation of tungsten minerals are Aerosol 18, 
Aerosol 22, Aerosol OT, Reagent 801, and Reagent S-541, 


When pure, frothers have no collecting properties; however, the presence 
of free fatty acids in any of them is important in flotation. The X-1 frother, 
in combination with oleic acid, is more effective for the flotation of schee- 
lite than the X-2 series (Nos. 26 and 28) of frothers. Laboratory tests by 
Leaver and Royer (31), using X-l in combination with oleic acid, achieved ef- 
fective results in the flotation of scheelite, while X-2 members of the Eml1sol 
froth series gave only fair results. 


Modifying and Depressing Reagents 


Soda ash, caustic soda, and mineral acids (such as hydrochloric and sul- 
furic) are used to control alkalinity or acidity of flotation pulps, as meas- 
ured in hydrogen-ion concentration (pH). Soda ash is also used for softening 
water. Mineral acids sometimes are used to depress gangue minerals, and in an 
alkaline circuit sodium silicate is used with scheelite ores for this purpose, 
Sodium silicate, however, also has a depressing effect on wolframite, ferber- 
ite, and hubnerite, In a slightly acid circuit a metal salt, such as manga- 
nese sulfate, helps to prevent depression of ferberite by acids. Quebracho is 
a good depressant for quartz, calcite, and dolomite. A combination of sulfu- 
ric acid and sodium dichromate has been used for depressing calcite and other 
carbonates, A mixture of copper sulfate and sodium silicate is effective in 
depressing carbonates and fluorite. Aero brand cyanide or sodium cyanide can 
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be used to depress sulfides during flotation of scheelite, Reagents 631 and 
653 are helpful depressants and dispersants for micaceous gangue. Short-chain 
organic acids, such as formic, lactic, and mineral acids (including hydrochlo- 
ric, nitric, sulfuric, or sulfurous acids), are sometimes used in depressing 
apatite, an objectionable phosphorus-bearing mineral, Most of the depressant 
reagents are added to the ball mill or conditioning tank. 


Hydrogen-Ion Control 


Various investigators seem to agree that the hydrogen-ion concentration 
in tungsten flotation is critical and that control of the pulp alkalinity 
within narrow limits is essential to provide the proper balance for successful 
flotation, However, some investigators speak of these narrow limits to be a 
pH between 8,0-8.5, others 9.0-9.5, and still others 9,5-10.5. The spread be- 
tween 8 and 10.5 indicates that there is an optimum pH range for each particu- 
lar ore within these limits, depending on the nature and characteristics of a 
particular ore and other influencing factors. It also implies that, once the 
optimum pH range is established for an ore, it must be maintained within nar- 
row limits (possibly a spread of not more than one-half point of the optimum 
pH). The importance of close pH control on scheelite slimes is noted in the 
work by Leaver and Royer (31). 


Control of the pH of the pulp water within narrow limits is the 
main factor in successful recovery of scheelite by the flotation re- 
agent mixture described. A minimum pH of 9.0 and a maximum one of 
9.5 have been determined by the flotation results obtained over a 
period of several months, The correct pH is maintained by proper 
addition of soda ash to the pump lifting the pulp to the flotation 
machine, When the pH is below 9.0, the froth tends to carry sili- 
ceous material in addition to scheelite and some calcite. Higher 
pH than 9,5 has such a pronounced effect on froth subsidence that 
an excessive consumption of reagents for floating is necessary to 
maintain a freely flowing froth. These pH limits appear to provide 
the proper balance for successful flotation, 


Roasting 


Some tungsten mills use only a gravity circuit with no provisions for sul- 
fide mineral flotation. The predominant sulfide mineral usually present in 
scheelite ores is pyrite, Because pyrite and scheelite have nearly the same 
specific gravity, they cannot be effectively separated from each other by 
gravity means, Pyrite can be separated from tungsten minerals in the concen- 
trate by a magnetizing roast followed by magnetic separation, 


A magnetizing roast is conducted at 600° C. or less. The object is to 
form an adherent magnetic film at the surface of the pyrite particles. This 
makes it possible to separate the pyrite particles from the concentrate when 
it is passed through magnetic fields as in magnetic separators, 


Important factors in a magnetizing roast are size of particles, tempera- 
ture, and time (48, pp, 176-177). Coarse particles require longer to heat to 
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a required temperature than fine particles, The ignition temperature of py- 
rite must be maintained long enough for a film to form, Roasting time need 
not be prolonged beyond a few moments if the temperature is high enough, 


The physical appearance of the product is a guide to roasting operations, 
A good magnetizing roast is indicated by the absence of pyrite particles and 
by a flat dead color, ranging from bronze to black, Black is characteristic 
of a deficiency of air during roasting or of a reducing atmosphere, 


Furnaces of the rotary type, made of iron pipe and externally heated with 
ofl or gas, are satisfactory for small operations, Rotary kilns or fluidized- 
bed reactors are satisfactory for large operations, 


Magnetic Separation 


Magnetic separators are useful adjuncts to gravity and flotation concen- 
tration of tungsten ores when tungsten ores or concentrates contain magnetic 
impurities, such as garnet, magnetite, ilmenite, and leucite, and nonmagnetic 
sulfide impurities, such as pyrite and pyrrhotite, that can be made magnetic 
by a magnetizing roast, These impurities, when present as discrete particles, 
can be separated from the nonmagnetic scheelite and gangue minerals. Magnetic 
separators are especially useful in separating wolframite from the tin mineral 
(cassiterite) and in separating magnetic wolframite, hubnerite, and ferberite 
minerals from nonmagnetic gangue minerals and scheelite. They are also useful 
in separating magnetic minerals from each other, based on the magnetic suscep- 
tibility of the mineral to be separated, 


Table 3 gives the magnetic susceptibilities of a number of minerals, ar- 
ranged in descending order of their attractive forces, using iron as a stand- 
ard with an attractive force of 100. An easy separation of wolframite, with 
an attractive force of 5,68, from cassiterite, with an attractive force of 
only 0.13,is indicated, Similarly, garnet, with an attractive force of 6.68, 
and scheelite, with an attractive force of 0.15, indicate easy separation of 
these minerals, However, the attractive force of 0.23 for apatite and 0.15 
for scheelite indicate a close range of attractive forces necessitating ex- 
tremely close control of the magnetic forces to effect separation of the two 
minerals that, in all probability would not be practical, 


Two types of dry magnetic separators (induction roll and belt-type) are 
in common use in beneficiating tungsten ores or concentrates, Induction-roll- 
type separators include the Dings, Stearns, and Exolon, The induction-roll 
type gives a more extensive field, which promotes a-cleaner tailing reject; 
the belt- or Wetherill-type separator gives higher selectivity. The selection 
of the induction-roll type, belt type, or a combination of both depends Largely 
on the type and number of impurities to be removed from the ore or concentrate, 
For simple removal of garnet or pyrite from scheelite, the induction-roll type 
is satisfactory. For separating various magnetic minerals from each other, 
selectivity is required, and the Wetherill-type separator (equipped with the 
required number of crossbelts and magnets with separately controlled current) 
would be more desirable, For example, in treating beach sands containing mag- 
netite, ilmenite, chromite, and zircon, magnetite is removed by the first 
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magnet at low intensity and ilmenite by the second magnet at higher intensity 
than the first magnet, leaving chromite to be lifted from the zircon by the 
third and most powerful magnet. Similarly, in treating tungsten minerals, 
fragments of crusher steel, magnetite, garnet, etc., must be removed by com- 
paratively weak magnets before the strongest magnet is applied to separate the 
more valuable but weakly magnetic minerals, Middlings or particles containing 
a mixture of minerals and gangue must sometimes be removed for further grind- 


ing and other preliminary treatment. 


TABLE 3, - Magnetic susceptibility of sineretee! 
Material force Material force 


DE OU 6 5.5:5G/aveieiebs wrerei axe Argentite....cccccses 0.27 
Magnetite...ccccceee Orpiment.....cccccece 24 
Franklinite......... PYDLECs in ciwiicedaes «23 
LOUCL EG .6 6.46% ods ees Sphalerite.....ceeee iy 
SLLICON 6 40s dese sees Molybdenite......... 23 
Pyrrhotite.....ccseee Apatite... ccccccee 223 
Tlmenite.....ccccoes BOIL C6 sé sea diawees g22 
BLOCLUC. 2:dckc00066% Willemite......cccee 21 
Garnet i i5é.0:8:6 ers eee Tetrahedrite,....... 21 
Wolframite.....ccccce Scheelite.......ccece 15 
Hematite. .ccccccccece TALC Gis ocean eewss eL5 
Limonite....ccccccee Arsenopyrite,........ ~L5 
Chromium. ...csccccce Magnesite....cccccece ~L5 
Pyrolusite......see- Chalcopyrite........ 014 
Rhodochrosite....... Cassiterite.....cccce 13 
Sp Us) ob & of ee GYPBUN 4 66-6ci cece secs 12 
Corundum,......ccccces FIMOL 1 £64 oi 5400-0468 ell 
Manganite...ccccoeee ZINCI ECe pocas ctu os 10 
RUC 6 io 5h ieee: Chalcocite......ccce. .09 
Platinum: 4 65% s0seten CUDLI CE ous acess .08 
Dolomite... .cccccccee Orthoclase,....cecee 05 
Calamine......ccceces CryOll tes. céceeeweks 05 
QUaT 2 256660 sk akcireas Galena....cccccccces 04 
Cerussite...cccccces Calclte ii isccie cscs 03 


Cerargyrite,..eccoce 


1/ Magnetic Engineering & Manufacturing Co. (Memco), Catalog 


No, 552, 


The essential requirements for clean magnetic separation (13) of a prod- 
uct from a material are that the material treated must be thoroughly dry (wet, 
fine materials stick to belts or rolls) and mechanically free and that the de- 
sired product must have magnetic properties that differ from those of other 
constituents from which it is to be removed, For differential separation of 
two or more magnetic substances, sizing of the material is necessary, as is 
shown by considering the forces acting on large and small particles in a 
magnetic field, 
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The limit of fineness that can be magnetically treated depends on the na- 
ture and characteristics of the ores; some respond to treatment as fine as 280- 
mesh, whereas others give trouble at 100-mesh, 


Air Tabling 


Pneumatic methods of concentrating tungsten ores have been used to a linm- 
ited extent, From 1898 to 1901 the Trumbull mine near Long Hill, Conn., pro- 
duced the first tungsten concentrates in the United States by using this 
method, The tungsten minerals, principally scheelite, occurred at a contact 
of limestone and gneiss, The associated minerals were chiefly garnet, quartz, 
hornblende, epidote, and pyrite, The ore, which assayed about 5 percent 
scheelite, was stage-crushed with rolls and the product classified by screen- 
ing into 40-, 60-, and 90-mesh fractions, These products were fed to six 
Hooper pneumatic machines that delivered a clean product, leaving little 
scheelite in the tailings. Hobbs (28, pp. 13-22) states that each machine 
could handle 10 tons of dry material per day, yielding a final product con- 
taining 65 percent W03. 


In 1924 a small pneumatic concentrating test plant was erected on the 
Summerfield property near Mina, Nev. (36 . 287-289). The ore contained 
scheelite disseminated through beds of garnetized limestone. At this plant, 
the ore was crushed and ground in a ball mill to minus-l0-mesh, The ball-mill 
discharge was fed to a Stebbins dry table that had a capacity of 1 ton of ore 
per hour, The table yielded three products - a scheelite concentrate contain- 
ing 15 percent W0O3, a middling product that was returned to the ball mill for 
regrind, and a waste tailing. The scheelite concentrate was cleaned on a 
smaller Stebbins table that produced a concentrate containing 60 percent WO3., 


Approximately 500 tons of ore was treated in the test plant. The grade 
of the ore ranged up to 4,5 percent WO3, but the average was only 1.1 percent 
WO3, which at the time did not permit profitable operations on a small scale; 
the project was therefore suspended, Table 4 is a screen analysis of the mill 
feed and tailing during one of the test runs in which the mill feed averaged 
1.98 percent WO3. 


TABLE 4, - Screen analysis of mill feed and tailing, 
Summerfield property 


Mill feed Mill tailing 


Weight of total, |Analysis W0O3, |Weight of total, |Analysis WO3, 
Size, mesh percent percent percent percent 


£20 oeisie s wb wees Nil. 
P40 ucarcgee ecw Trace, 
HOO). a Grats gene-ties 0.90 
MOOG octas dbacios 1.37 
Average,..... LaNRSSSRRNISIRAR WONG 6 SAnNl SRMRARENID NEES 36 


Mill recove 81.89 percent 


The results shown in the table indicate that air tables are effective in 
concentrating high-grade scheelite ores that contain grains of coarse 
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scheelite in the plus-60-mesh range but are not suitable for fine scheelite 
particles, Since wet tables and flotation are much more effective for con- 
centrating fine material, air tables have not been considered a concentrating 
medium in modern tungsten mills. However, air tables are useful in arid re- 
gions where water is scarce, and the grade and characteristics of the ore 
permit economic recovery of the scheelite, 


Heavy-Medium Separation 


The heavy-medium process, often referred to as the sink-and-float process 
for mineral concentration, has advanced appreciably since its appearance as a 
commercial process in 1936, Since then, vessel designs other than the cone 
have been introduced and include classifier and drum-type separators, The 
range size of the feed amenable to treatment has expanded to include materials 
as large as 10 inches and as small as 28-mesh, Today, more than 20 types of 
ore are being treated by this method, among them ores of iron, lead, zinc, 
lead-zinc,: fluorspar, tin, magnesite, dolomite, chromite, andalusite, and man- 
ganese and coal, In addition, some gravel plants utilize the process for sep- 
arating light and heavy aggregate, 


With regard to application of the heavy-medium process to tungsten ores, 
a heavy-medium pilot plant at Barking, England (37), has experimented with 
galena as a suspension medium for beneficiating tungsten ores, The Pan American 
Tungsten Co, has installed a heavy~-medium mill at the Isle of Pines, Cuba, for 
treating tungsten ores, using ferrosilicon as the medium. More recently, the 
Hualpai Mining Co, at Yucca, Ariz., was licensed to use the heavy-medium 
process for treating tungsten ore from the Boriana mine, 


The range of specific gravities among tungsten minerals, associated min- 
erals, and gangue material in most tungsten ores is quite large, For example, 
the specific gravities of the economic tungsten minerals are: Scheelite, 
5.9-6.1; wolframite, 7.2-7.5; ferberite, 7.5; and hubnerite 7.2-7.5. Those 
of the associated gangue minerals are: Magnetite, 5.2; garnet, 3.2-4.3; py- 
rite, 5.0; psilomelane, 3.7-4.7; siderite, 3.9; sphalerite, 3.9-4.1; and 
apatite 3.2. Those of the gangue materials are: Calcite, 2.7; dolomite, 2.9; 
epidote, 3.2-3.5; and quartz, 2.7. 


According to Pearson (37, p, 7), the flexibility of the heavy-medium 
process is such that minerals having close specific gravities can be separated 
from each other, provided that the minerals can be freed from their gangue 
and associated minerals at a size range within the limits of the heavy-medium 
process, Since the scheelite that occurs in most contact-metamorphic deposits 
is fine grained, the process does not lend itself for concentrating the schee- 
lite, However, application of the process for tungsten ores that are amenable 
to it should not be overlooked in a mill circuit. If its application did 
nothing more than effect preconcentration of the tungsten minerals, eliminating 
60 to 70 percent of the barren material between the crushing and grinding step, 
it would effect a substantial economy in the number and size of other equip- 
ment necessary to obtain the same units of tungsten, 
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BENEFICIATION RESEARCH 


Recovery of Tungsten Minerals by Flotation and 
Purification by Acid Leaching 


For many years, beneficiation of tungsten ores consisted largely of hand- 
picking and gravity-concentration processes, Ores that were amenable to grav- 
ity concentration at relatively coarse sizes usually yielded a high-grade con- 
centrate but incurred high losses in the fines, Complex ores requiring fine 
grinding for liberating the tungsten minerals were not treated successfully by 
gravity methods, The need for better methods or a combination of methods to 
achieve economic recovery of tungsten minerals from various types of tungsten 
ores was apparent, 


Fundamental studies in application of flotation for treating various tung- 
sten ores were initiated by the Bureau of Mines in 1930, Ores containing 
scheelite, ferberite, wolframite, hubnerite, and complex ores (containing two 
or more minerals) were used in the studies, Oleic acid and sodium oleate were 
used for flotation of tungsten minerals; sodium silicate was used to depress 
siliceous gangue material, formic, lactic, and mineral acids were used for de- 
pressing apatite, Copper sulfate was used to condition the pulp following a 
sulfide flotation, Flotation concentrates, high in apatite and calcite, were: 
leached with hydrochloric acid, The results of the tests discussed herein are 
based on the work of Clemmer and O'Meara (8, p. 15) in the application and 
adaption of flotation to tungsten ores, 


In this investigation, three types of tungsten ores were studied: (1) A 
scheelite ore from Nevada, predominantly quartz with a small amount of apatite; 
(2) a scheelite ore from Montana, containing sulfides, gold, arsenopyrite, 
mica, apatite, and quartz; (3) a scheelite ore, containing calcite and other 
associated carbonate minerals and calcareous gangue from a contact-metamorphic 
deposit, 


For the Nevada scheelite ore, oleic acid and sodium oleate were used to 
float the scheelite, and a small amount of sodium silicate was used to de- 
press the quartz. A satisfactory separation was achieved, The concentrate 
was high grade and represented a good recovery of the tungsten, The phos-~ 
phorus (apatite) content, however, exceeded allowable limits, A final clean- 
ing with formic acid depressed the apatite; 96.7 percent was rejected, The 
best results were achieved when just enough acid was added to the cleaner to 
make the pulp neutral or slightly acid. Table 5 shows the results of this 
work, 


For the scheelite ore from Montana the arsenopyrite was floated in an 
acid circuit with the customary sulfide flotation reagents. Subsequently, the 
scheelite was floated with oleic acid and sodium oleate. A small amount of 
sodium silicate was added to retard the quartz. The rougher froth was cleaned 
with sodium silicate to depress quartz and mica, A final cleaning with formic 
and lactic acids depressed the remaining mica and apatite, Lactic acid was 
especially effective in depressing mica in the flotation of both sulfide and 
scheelite. It also depressed apatite but to a lesser degree than the inorganic 
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or short-chain organic acids, In the absence of the phosphorus-bearing min- 
eral (apatite) an alkaline circuit was preferable; but when apatite was pres- 
ent, an acid circuit was essential. Table 6 shows the results of this test. 


For the calcareous, contact-metamorphic ore, the objective was to sepa- 
rate scheelite from calcite and other calcareous gangue minerals, Several 
flotation tests were made, and the results of a typical test are given in 
table 7. Scheelite was concentrated from ores containing calcareous gangue 
to give a high-grade product, low in impurities; the roughing and cleaning 
steps rejected 98.6 percent of the phosphorus, 


TABLE 5. - Flotation of a Nevada scheelite quartz ore, 150-mesh 


Weight-= re of total 
Product percent | W03 | | WO3 | WO3 | 


Concentrate... .cccccee ate 77.06 cane” 036 oar 03 a 6 3 
Middling osecrssenws sed 9.54 | .372 11, : 35.8 
PALling . 64606005 bsae% Py a 03 .026 60.9 
Composite... = 700-0 [316 [040 1-1 100.0 100 ,0 
Pound per ton of crude ore 
Reagent Rougher_ {| 12 | 2 | 

Sodium silicate. ...cccesssescess 0.15 

OleLG 8610 2.4.5555.66 34.0 s0eeueees 
Sodium oleate... .cccccccccccces 
FOrULC ACL o65.c04s be soo sG week's 


TABLE 6. = Flotation of a Montana scheelite ore containin 
sulfides, 150-mesh 


Weight- Percent of total 


Sulfide concentrate.....cccoce 2.0 - 
Scheelite concentrate......ece 2 89.8 0.21 
Mi ddl ing ois sicko ebo case eens 5 6.8 - 
WAL VIN G 6:6 oie oe wes ww Osis ow eeiere 1 ; 4 

Compost ssiccdsiescceusdaseeas ipo eee 100. 0 


Feed, ss occsccscsesseccsssess et at : 


Pound per ton of crude ore 


leat Scheelite 
Sulfide Cleaner 
Reagent Rougher/| 1 | 2 | 

SULEULLC ACI icc ceiwicwtecess 
BaACtle GCid ccd ccc sass eew esses 
Keamyl xanthate.....cccccccees 
Hardwood CreOSOte, .ccccccccece 
OL€LC 201d 4554656.36456050 es 
Sodium oleate... cccccccveces 
Sodium silicate.....cccccccces 
Dannie 2610 sce Guns v sauces 
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TABLE 7. - Flotation of scheelite from contact metamorphic ores, 65-mesh 


Weight- Percent of total 
Product nel A 
Sulfide concentrate....ccccecs 6.0 
Scheelite concentrate,....cccee 
MEGGL ING 5.5'3:d de: davegne 6620 5s esewere 
A A Os 0 ee ee ee renee 
COMPOS LCC iis 5.544 5 06 68 Ss ws os 


ls ea ‘ ‘ 
Pound Der oo of "enue ore 
Sulfide —Sehee ite 
Reagent rougher Cleaner 2 


K amyl xanthate,......... 
RCLOLLOAt ooo oii kis Sees 
Copper sulfate.......cceee 
Sodium silicate......cece 
OlGlG. ACI ds c4cssarsase seas 
Sodium oleate, Siete 


The tungsten ores used in these tests varied considerably in grade and, 
hence, the amount of reagents used varied with the ore tested, In every in- 
stance, however, good concentrates were attained with satisfactory recovery of 
tungsten, 


The procedure sequence used was to float the sulfides, condition the 
tailing pulp, float the nonsulfide minerals, and clean the rougher froth. The 
sulfide minerals were floated using the customary sulfide reagents, Since 
they must be thoroughly removed to permit production of a tungsten concentrate 
low in sulfur in the subsequent tungsten flotation step, relatively Large 
quantities of sulfide float reagents were required. A 10- or 15-minute flota- 
tion period usually was ample to remove the sulfide minerals from either acid 
or alkaline pulps. For nonsulfide or scheelite flotation the tailing pulp 
from the sulfide flotation step was conditioned several minutes with copper 
sulfate, a heavy metal salt. Other metal salts, such as copper nitrate or 
copper ammonium hydroxides, may be used, The metal salt is added to the con- 
ditioner, or it may be added to the sulfide flotation circuit, provided the 
salt has no retarding effect on the sulfides, A soluble silicate was then 
added; and, after a period of conditioning the pulp, oleic acid and sodium 
oleate were added to float the scheelite, The calcite and apatite were re- 
tarded by the metal-silicate combination. The scheelite rougher froth was of 
good grade, The quantities of reagents required depended on the nature and 
grade of the ores and were determined experimentally. 


The duration of the silicate-conditioning period was most important be- 
cause a short period resulted in only a fair recovery of tungsten and high- 
grade concentrates that are low in phosphorus, while a longer period (5 to 10 
minutes) gave increased recovery of low-grade concentrates but failed to re- 
ject the apatite thoroughly. Within certain limits a decreased amount of soap 
permitted production of high-grade concentrates without a serious sacrifice 
in recovery. 
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Cleaning the rougher froth one or more times with sodium silicate or an 
acid reagent depressed the residual calcite or apatite floated in the rougher 
operation. In the reported test (table 7) two cleanings were applied, using 
sodium silicate, Rougher froths from tests in which a proper quantity of 
metal salt-silicate reagent was used were readily cleaned with sodium silicate 
alone, Failing to use the proper amount of reagents, final cleaning in a neu- 
tral or slightly acid pulp is necessary to depress the remaining calcite and 
apatite, 


In the reported test no alkali other than sodium silicate was used in the 
scheelite rougher, In other tests improved recovery was obtained when caustic 
soda or soda ash was used with the silicate without sacrificing the grade of 
concentrate, In one test 86 percent of the scheelite was recovered in a con- 
centrate assaying 70 percent tungstic acid (WO3). In another test a compari- 
son was made in using a sodium silicate-dichromate combination as against a 
metal salt-silicate combination, The test shows that, although the recovery 
was satisfactory, the concentrate was lower in grade than that obtained by the 
metal salt-silicate combination, 


In addition to depressing the apatite while floating scheelite, attempts 
were made with several scheelite ores to float the apatite before the schee- 
lite was floated. The latter were only moderately successful. A small amount 
of soap yielded an apatite concentrate, but the percentage of total phosphorus 
removed was small. Any advantage gained was offset by the loss of tungsten 
in the apatite concentrate, Increasing the amount of soap to float the apatite 
was accompanied by additional losses of tungsten in the apatite concentrate, 


An alternative method to removing the apatite rather than to depressing 
it in flotation was to leach the flotation concentrate with dilute hydrochlo- 
ric acid, Several leaching tests with acid were made on flotation concen- 
trates containing apatite. In each instance the apatite was dissolved, and 
low-phosphorus residues were produced; no appreciable quantity of tungsten was 
dissolved, The amount of acid required for leaching depended on the grade of 
the concentrate and on the nature and quantity of associated gangue minerals, 
A siliceous ore required less acid than one containing calcite and carbonates, 


A siliceous concentrate assaying 0.295 percent phosphorus was leached 
with a commercial hydrochloric acid solution that contained 25 pounds of acid 
per ton of concentrate. The resulting residue contained 0.007 percent phos- 
phorus, indicating 97.6-percent extraction of the phosphorus, The loss of 
tungsten was negligible. 


For a concentrate produced from a contact-metamorphic ore containing cal- 
cite and apatite appreciably more acid was required to leach the calcite and 
apatite, An excess of acid was necessary to insure complete solution of the 
apatite, A concentrate containing 0.266 percent phosphorus was leached with a 
slight excess of acid, leaving a residue containing 0.09 percent phosphorus. 


In another investigation ferberite, wolframite, hubnerite, and complex 


ores were studied, Most domestic ferberite ores have a predominantly sili- 
ceous gange and only minor sulfide minerals, siderite, and apatite. Coarsely 
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crystalline ores are concentrated by gravity methods; but ferberite is very 
brittle, and crushing produces rich fines that are difficult to recover by 
gravity means, 


Ferberite was floated in an alkaline pulp with oleic acid and sodium 
Oleate, Soda ash or caustic soda was used with silicate to depress the sili- 
ceous gangue. High-grade concentrates were obtained, with a satisfactory re- 
covery, Cleaning with acid depressed the apatite and gave a low phosphorus 
concentrate, In the flotation of a low-grade jig concentrate produced from a 
Colorado ferberite ore, acid was used in the rougher and cleaners; acidified 
dichromate was also very effective. Table 8 gives the results of this test, 


TABLE 8, - Flotation of a low-grade jig concentrate, 150-mesh 


Weight- Percent of total 
Product percent WO3 


a ee 
Concentrate....cccece 38.3 | 62.38 |0.012 | 0.031 76.7 20 .9 
Middling....ccccccces 28 .8 221 50.3 
PaLling. eciasicnes seers 32.9 1.10 016 | - 1.2 28 .8 
FOGG 565 66505 ge 31.20 .022 .019 
Pound per ton of crude ore 
Cleaners 


Reagent Rougher 


ee ee eee 3 
OLG1C “ACI Oooo bre suns c cee es es 0.88 - - 
Sodium oleate... ..cccccccccsccccsee 23) - - 
Acid dichromate 05 0.15 0,30 


In certain ores in which the ferberite was sensitive to depression by 
acid, introduction of a small amount of metal salt, such as manganese sulfate, 
rendered the mineral less sensitive without reducing the gangue-depressing 
property of the acid, The metal-salt combination also depressed apatite. 

Most ferberite ores were relatively free of carbonates, If small amounts 
were present, they were depressed with the apatite in a slightly acid circuit. 
Ferberite flotation in an acid, rather than an alkaline, circuit gave the best 
results, although ferberite was not as floatable as scheelite, 


Wolframite ores were a little more floatable than ferberite, The reagents 
used for ferberite acted similarly on wolframite ores. A slightly acid circuit 
was preferable for flotation of wolframite, Alkaline circuits were tried but 
failed to reject the phosphorus as thoroughly as the acid circuit. Table 9 
gives the results of a typical test on a high-grade Washington wolframite, 


Hubnerite was more floatable than either wolframite or ferberite. Re- 
agents that were suitable for wolframite or ferberite were also satisfactory 
for hubnerite ores, Table 10 gives the results of a typical test of an 
Arizona hubnerite ore containing small quantities of phosphorus and sulfide 
minerals. The sulfides were mainly pyrite and chalcopyrite. They were floated 
first with xanthate, Butyl alcohol was preferred as frother, although some 
silicate was used in the sulfide rougher to prevent the tungsten from floating 
with the sulfides, Hubnerite was then floated with oleic acid and sodium 
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oleate, The rougher froth was cleaned twice, using acidified dichromate in 
the second cleaner to depress the remaining quartz and apatite, 


TABLE 9, - Flotation of a high-grade wolframite ore, 150-mesh 


Weight- a ee of total 


Product percent | W03 | | WO3 | 


Concentrate... .cccee 34.5 70.92 aa 013 waned oe 89. homies 29. ~ 
Middling...cccccccece 21.7 12.54 .027 10. : 38 .6 
TELLING foc. saseoisare 43.8 39 ell 31,8 
ls ee ee re ee = 28 69 015 “002 = - 


Pound per ton of crude ore 


Reagent Cleaner 2 
OLG1S. ACIG se wcte Sec cheeseheewes 0. 95 
SOditim OlCate ois etinsadscceaweee .40 - = 
Acid dichromate,....ccccecscccceces 05 0.10 0,15 


TABLE 10. - Flotation of Arizona hubnerite ore, 150-mesh 


Weight- Percent of total 
Product peroene [voy [Fs [ws 


Sulfide concentrate, 1.4 8.7 
Hubnerite,......ce0.5 3 2 8.2 
Middling....ccscacce 2 9 2.3 
Telling =6.3s56 666 eecs 3 5 80.8 

0 10 an 


Feed,,... ; gig - 4. 25 005 


Pound per ton of crude ore 


Reagent Sulfide rougher Cleaner 1 Cleaner 2 


X-amyl xanthate..... 
Sodium silicate,..... 
Butyl alcohol....... 
OlCLG: ACL. ci chee es 
Sodium oleate....... 
Acid dichromate.,... 


With regard to selective separation of tungsten minerals in a complex 
ore, the order of increasing floatability of tungsten minerals is: Ferberite, 
wolframite, hubnerite, and scheelite, One would expect that scheelite could 
be separated from wolframite, This separation has been made, although such a 
separation would not be advantageous on tungsten ores in which scheelite and 
wolframite were the only readily floatable minerals. If the ore contained 
other floatable minerals, such as fluorspar, a separation would be necessary 
to produce a marketable product, The fluorspar and scheelite could be concen- 
trated into one product and the wolframite into another, Re-treatment of the 
fluorspar-scheelite product would yield a fluorspar concentrate and a schee- 
lite concentrate, 
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In an ore from the Springvale mining district, Washington, the tungsten 
minerals present were wolframite and scheelite, associated with sulfide miner- 
als, The principal gangue minerals were quartz and mica, Other associated 
minerals were fluorspar, calcite, ankerite, apatite, and tourmaline, The com- 
plex nature of the ore and the low tungsten content (1.48 percent W0O3) made it 
difficult to achieve selective separation of the tungsten minerals, but several 
tests showed that the ore could be concentrated by flotation, Results from a 
typical test are given in table 11, and the flowsheet is shown as figure 5. 


TABLE 11. - Flotation of complex tungsten ores, 150-mesh 


Weight~- Percent of total 


Product percent | WO | S| WO3 


Sulfide concentrate....ccsccce 2.7 
Fluorspar concentrate....cccec 2.5 
Scheelite concentrate.....ccee. 20.2 
Wolframite concentrate,.....e.e. 41.5 
MELOGLING 536 6c566s0dossse eee ees 32.0 
TALUING 6066450005 S46 chs aeeans 1,1 
COmpOS LCC 66 6:5 660 bw bbs e040 0 100 .0 
ot ee ee eee ae - 
Pound per ton of crude ore 
Wolframite 
Sulfide Cleaner 
Reagent rougher | Rougher 1 | 2 | Rougher 1 | 2 | 3 


K amyl xanthate....cccccccces 
GNSS NO. D7 oiiwieaehéew twas 
Sodium silicate......cccccces 
Oléle- Aci dicc ie dias etc eeer ts 
Sodium oleate... ..ccccccccccces 
Formic acid), ss 6sis4-00-0-040 60% 
Hydrochloric acid.,....cccccee 
Manganese sulfate.....cscoccs 
SULEUPLE ACL is dainsecechcues 
Lactic acid,,. 


MILLING PRACTICES AT PRINCIPAL MINES 


The milling practices described herein and prepared from a survey made in 
1955, represent methods used during that time and up to December 1956, when 
Government purchasing of tungsten ores and concentrate ceased and most opera- 
tions were suspended. 


The reader will note that many of the flowsheets or figures accompanying 
the description of the milling practices contain numbers, To avoid confusion 
and to conform with the text, these numbers are used to indicate the position 
of equipment and not the number of pieces or size of equipment. 
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FIGURE 5. - Flowsheet for Treatment of Complex Tungsten Ores. 


Getchell Mine, Inc, 


The mines and mill of the Getchell Mine, Inc., are 23 miles north of 
Golconda, Humboldt County, Nev. Approximately 60 percent of the ore treated 
is truck-hauled from six company deposits; the remainder is custom ore, truck- 
hauled to the mill from numerous mines within a radius of 200 miles. The ores 
in the area usually occur as tungsten-bearing tactites in contact-metamorphic 
deposits, Among the identifiable minerals in the ore are: Scheelite, powell- 
ite, apatite, garnet, epidote, calcite, pyrite, molybdenite, quartz, and 
graphite. The tungsten mineral is concentrated by flotation, followed by a 
two-stage acid leaching to eliminate calcite and apatite, Mill capacity and 
tonnage treated during 1955-56 were at the rate of 1,200 tons of ore per 24 
hours, producing a final concentrate containing more than 65 percent tungsten 
trioxide at an optimum recovery, Figure 6 is the flowsheet of the milling 
operation, 


Crushing and Grinding 


The ore produced at the Getchell deposits is hauled in 15-ton tanden, 
dual, rear-dump, Kenworth trucks, powered with Cummins diesel engines. At the 
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FIGURE 6. - Flowsheet, Getchell Mill, Getchell Mine, Inc. 
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mill, a 42- by 48-inch Traylor jaw crusher and a 4-foot Traylor TY secondary 
crusher are used for company ore, Custom ore is crushed in a separate crush- 
ing plant, with an 18- by 36-inch jaw crusher and a 3-foot TY secondary 
crusher, After crushing to minus-3/4-inch, the ore from both plants is con- 
veyed to the sampler, then to two 1,000-ton fine-ore bins. 


In the grinding circuit special consideration is given to minimize over- 
grinding. Analysis of tailing (table 12) shows that 13.8 percent of the tung- 
sten carried in the waste is contained in the minus-100, plus-200-mesh frac- 
tion, and 80.8 percent in the minus-200-mesh fraction, Because relatively 
small amounts of the tungsten in these particle sizes can be economically re- 
covered in normal flotation operation, it is important that overgrinding be 
kept to a minimum, Optimum grinding is achieved by a combination of an 8 by 
12-foot rod mill in open circuit, followed by an 8- by 6-foot ball mill in 
closed circuit with a classifier, To minimize overgrinding further, the 
classifier overflow is maintained between 53 and 56 percent solids. The grind 
is approximately 10 percent plus-48-mesh, The overflow is pumped to four con= 
ditioning tanks that have 30-minute contact time before flotation, Table 12 
gives a typical screen analysis of the mill feed and tailing, 


TABLE 12, = ical screen analysis, Getchell Mine, Inc 


Mill feed Mill tailing 
Mesh persent percent percent poze ene percent 
TD sce aruinietae 0.33 
CD56 wise sec 3.27 
TOO: 6 ore oenes 1.74 
|) eee ~ 
LOO: gieestioens 13.84 
32) iia sears 06 
ae 20 ee 80 , 26 
Composite.... 100 ,00 


Flotation 


The conventional flotation of sulfide minerals before fatty acid flota- 
tion is omitted in the mill circuit, Sulfide minerals are removed, however, 
by flotation of the acid-treated concentrate, as described under Details of 
Leaching Procedure at Getchell. In the fatty acid flotation of tungsten min- 
erals, the pulp from the conditioners has a pH between 10.2 and 10.4 goes to a 
rougher circuit that consists of four 66-inch Booth cells and is floated at a 
pulp density of 34 percent solids, The rougher froth is cleaned in a bank of 
No. 18 Denver cleaners, The tailing goes to a scavenger circuit, consisting 
of four 66-inch Fagergren cells, five 54-inch Booth cells, and three 54-inch 
Fagergren cells. The concentrate from the four 66-inch Fagergren cells is 
returned to the head of the rougher circuit and the tailing to the bank of 
five 54-inch Booth cells, Tailing from the Booth cells is automatically sam- 
pled and discarded to the tailing pond. The concentrate goes to the three 
54-inch Booth cells, and the concentrate is brought back to the head of the 
rougher circuit. 
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In the cleaner circuit the rougher concentrate is cleaned twice in a bank 
of four No. 18 Denver cleaner cells, The tailing from the cleaner circuit is 
returned to the head of the rougher circuit, and the froth from the first 
three cells is recleaned in the fourth cell. Cleaning is accomplished at a 
pulp density of 15 percent solids, The final concentrate is pumped to a 44- 
foot thickener to await acid treatment, and the tailing is recirculated in the 
cleaner circuit, The final cleaned concentrate averages 30 to 40 percent 
tungsten trioxide, 


Flotation is conducted in water at 74° to 80° F, The temperature of the 
mill feedwater increased approximately 20° F. with steam supplied at 15-pound 
pressure from a 150-hp. Kewanee boiler through a coil heat exchanger. The fuel 
used is Bunker C oil that costs nearly 5 cents per ton of ore milled. The heat 
exchanger delivers 400 gallons of water per minute, The warm-water flotation 
circuit increases recovery of tungsten approximately 4 percent, 


To insure maximum rejection of undesirable minerals in the concentrate, 
the condition of the froth is closely controlled, Even a minor excess of 
Oleic acid produces a thick, sticky froth that markedly reduces concentrate 
grade, A lacy froth is sought continuously. Because of the changing pulp 
characteristics resulting from the variety of custom ores treated, the quan- 
tity of reagents required to maintain optimum concentration efficiencies 
changes several hundred percent during the course of a shift. Much of the 
operator's time is spent observing the froth and devising reagent combinations 
that will effectively meet the changing conditions, Pilot tables, together 
with visual observation of froth characteristics, enables the operator to 
maintain optimum mill operations, Other influencing factors are soluble salts 
in the ore or mill makeup water that react with oleic acid to form metal 
oleates, These cause high tailing losses or lower grade concentrate; however, 
this condition is corrected by increasing the amount of soda ash fed to the 
grinding circuit, Table 13 gives a typical analysis of the final concentrate, 
Table 14 provides the flotation-reagent consumption and places of addition. 


TABLE 13. - Typical analysis of final acid-leached concentrate, 


Getchell Mine, Inc, 


Concentrate Analysis, percent || | Concentrate | Analysis, percent 


Tungsten trioxide, Molybdenum........ 2.93 
TAD ooo oe hohe bias Phosphorus........ 02 
COpper .iccscecceee SULEUT 6 iveswiewiew es 18 
ALSONLE 66s es0c6ses Manganese,.....ee. Ll 
Antimony......cee. LAG ss 5.5 ces eases 02 
Bismuth,.,..-.cee. 92 


TABLE 14, - Flotation-reagent consumption and place of addition, 


Getchell Mine, Inc, 


Reagent Place of addition 


Soda BSS ee ooo oo Ris oh eee Rod mill 
PalCOtans .4 26. ces sccsewiweewece ete Sulfide circuit 
Sodium silicate... ..cccccccccccces Rod mill 


Classifier overflow 
Head of flotation 
Sulfide circuit 


Oleic BC1G 6s ores saisnee ie eeees 
D=-40 detergent @eeeeeooea oe eeneo2eeee606 @ 
Frother 77 ®9O@6 6 @ @ @ @®@@eeee? @ 8 @ e 
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Two-Stage Leaching of Scheelite Concentrate 


As in other plants where hydrochloric acid is used to digest the gangue 
minerals, and particularly where the phosphorus content is high, the Getchell 
mill employs a two-cycle leaching process, The first leach removes calcite; 
the second removes phosphorus, Close control is required to prevent losses, 
as scheelite is soluble in the acid, 


During the first leach, violent effervescence occurs, The heat of the 
reaction is sufficient to raise the temperature of the pulp; but, in spite of 
the heat generated, very little scheelite will go into solution because the 
presence of calcium chloride, formed during the reaction, prevents it from 
dissolving. The same protective action of the calcium chloride appears to 
partly prevent the phosphorus from dissolving during the leach, It is then 
necessary to decant the calcium chloride solution and releach with fresh acid 
to remove the phosphorus, This is a critical step, because protective calcium 
chloride is not present and high losses of scheelite can occur, if the acid 
strength and contact time are not carefully controlled, The concentration of 
hydrochloric acid and the time required to dissolve the phosphorus without 
dissolving scheelite are determined in the laboratory before they are applied 
to plant practice. In plants where leaching is done in wooden tanks or in 
the presence of reducing agents such as carbon and organic matter, dissolved 
scheelite will reduce rapidly, imparting a telltale blue coloring to the solu- 
tion. This gives the operator an indication that scheelite is being dissolved, 
However, the blue discoloration is not an entirely reliable indicator for loss 
of scheelite when leaching is done in the absence of a reducing agent. A loss 
of scheelite can occur undetected, except by assay. 


The amount of acid required for leaching depends on the grade of concen- 
trate and associated gangue, A small amount of acid is sufficient when the 
gangue is siliceous and the apatite content is low, Usually 12 to 25 pounds 
of commercial hydrochloric acid will dissolve up to 0.3 percent phosphorus, 
Concentrates produced from contact-metamorphic ores contain appreciable amount 
of calcite and require more acid, 


Details of Leaching Procedure at Getchell 


The flotation concentrate stored in the 44-foot thickener is pumped to 
the batch acid-leaching plant. Two to three tons of concentrate is charged 
to each of three 6- by 8-foot wooden agitator tanks. The charge is then set- 
tled and decanted; 20° B. commercial hydrochloric acid is added in agitation 
until effervescence ceases, The charge then is circulated through an acid- 
resisting, 36-inch, Fagergren flotation cell for the flotation of sulfide 
minerals and graphite. The circulation through the cell is continued until 
the froth is depleted and the scheelite is sulfide free, Reagents used for 
the sulfide float are American Cyanamid Co, Frother 77 and Palcotan, When 
flotation of the sulfides is completed, a specific gravity reading of the 
tailing is taken and the weight calculated, The charge is settled, and all 
of the solution (calcium chloride) is decanted, before leaching of the apatite, 
Water is added at the rate of 0.25 pound for each pound of concentrate and the 
charge agitated while 0.25 pound of hydrochloric acid for each pound of 
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concentrate and the charge agitated while 0.25 pound of hydrochloric acid for 
each pound of concentrate is added to dissolve the apatite, The charge is 
agitated for one-half hour. The resulting leached concentrate (shown by a 
dotted line in the flowsheet) is filtered in a 42-inch, Shriver washing filter 
press, The acid solution is blown from the filter press, The cake is water- 
washed for one-half hour. The final concentrate is cleaned from the filter 
press, dried on electric driers, and sacked in 100-pound sacks, A comparison 
of the chemical analysis of the flotation concentrate and the final acid- 
leached concentrate is as follows: 


Flotation Acid-leached 
concentrate, percent |concentrate, percent 
Tungstic trioxide....... 65.67 
PhosphoruS,...cccccccccecs Ol 
SULEUT 304sa5 sesinds sansnk 224 
Insoluble... isis s6 oss e 7,36 


The success of leaching flotation concentrates into an acceptable grade 
depends on (1) a relatively high-grade flotation concentrate containing a mini- 
mum of acid insoluble material, (2) a closely controlled acid leach, and (3) 
flotation of sulfides in the acid circuit, This procedure does not remove 
molybdenum, except that which occurs as MoS9, but it has permitted the 
Getchell mill to make a relatively high scheelite recovery in a concentrate 
that meets specifications, 


Nevada-Massachusetts Co, 


The mines and mill of the Nevada-Massachusetts Co, are at Tungsten, ap- 
proximately 8 miles north of Mill City, Pershing County, Nev. The tactite 
ore, which contains approximately 0.4 percent WO3, is concentrated by tabling, 
flotation, leaching, roasting, and magnetic separation. The mill treats 550 
to 600 tons of ore in 24 hours, and produces a scheelite concentrate contain- 
ing over 74 percent WO3 at an average overall recovery of 80 percent. Figure 
7 is the flowsheet of the milling operation. 


Crushing and Grinding 


Ore is trammed from the mine to the crushing plant by a gas-powered loco- 
motive and dumped into two ore bins of 200 tons capacity each, Ore from the 
pit is truck-hauled, Chain feeders discharge the ore from the bins onto two 
36-inch conveyor belts. These belts feed a 24- by 36-inch Allis-Chalmers 
blake-type crusher, The crusher discharges on a 24-inch conveyor belt that 
feeds a Stevens-Adams vibrating screen equipped with round steel screening 
rods having 3/4-inch openings. The screen oversize is conveyed to a 3-foot 
Traylor TY gyratory crusher, Its product joins the screen undersize material 
and is conveyed to a surge bin by a 24-inch conveyor, From the surge bin the 
product is carried and split at the discharge end of the conveyor to feed two 
4- by 8-foot Symons screens equipped with round steel-screen rods that have 
3/16-inch openings. The screen oversize product is fed by a 24-inch conveyor 
to a 4-foot shorthead Symons cone crusher, which is in closed circuit with the 
screens. All of the minus-3/16-inch product from the secondary screen passes 
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over a weightometer mounted on the conveyor belt and is discharged into a hop- 
per. The hopper feeds a reversible, 16-inch, conveyor belt that discharges the 
product into the two end 300-ton storage bins; the hopper overflow feeds the 
center storage bin, The two end storage bins are equipped with short 36-inch 
belts; the center bin is equipped with a 24-inch belt to load haulage trucks 
that convey the material to an open stockpile near the mill, approximately 
1,500 feet from the crushing plant. Under the stockpile is a concrete con- 
veyor tunnel, housing a gate feeder and a 14-inch conveyor belt, which delivers 
the product to two 600-ton-each, circular, fine-ore bins, The products of the 
fine-ore bins are fed by Hardinge weightometers and are conveyed separately 

by 14- and 18-inch conveyors, respectively, to a hopper that feeds onto a 
double-deck scalping screen, The bottom deck is covered with a 14-mesh screen 
cloth, Oversize material from the top deck is conveyed to No, 1 ball mill; a 
portion of it is conveyed to No, 2 ball mill by the alternate conveyor shown 
in the flowsheet., Both ball mills are the March grate-discharge type. 


The ball mills discharge into two wet-bucket elevators, where the products 
are elevated to two 14-mesh vibrating screens and wet-screened, The plus-14- 
mesh product from both screens goes to No, 2 ball mill for regrind, while the 
minus-14-mesh products join the minus-14-mesh product from the double-deck 
scalping screen and are pumped by a 4-inch Wilfley pump to an 8<foot Dorr 
classifier, Its overflow goes to flotation; its sands go to a 14-spigot 
Fahrenwald hydraulic classifier, 


Gravity Concentration 


The minus-14-mesh product to the Fahrenwald classifier is deslimed; the 
sands are classified into 14 separate spigot products, The gravity circuit 
consists of 16 tables - 6 Wilfley and 10 Deister-Overstrom diagonal. Each 
spigot product is fed separately to 14 tables; each table produces a concen- 
trate, a middling, and a tailing. The first three tables treat the coarse 
spigot product, Tailings from these three tables are conveyed to ball mill 2 
for regrind, while the finer tailings go to waste, Middling products from all 
14 tables are separated into coarse and fine middling and the two sizes are 
treated separately on the remaining two tables, These two tables produce a 
concentrate and a middling. The middling is returned to ball mill 2 for re- 
grind, while the concentrate from all 16 tables passes into a hydraulic trap 
to remove the coarse scheelite, which then goes to a drier. The fine schee- 
lite is fed into a three-cell bank of Kraut flotation cells for a sulfide 
flotation, The sulfide concentrate is discarded, and the flotation tailing 
goes to a finishing table that produces a clean scheelite concentrate and a 
middling that is recirculated to the hydraulic trap, The clean scheelite con- 
centrate goes by way of a screw conveyor into a drier and thence to a dry 
elevator, which discharges the product into a hopper feeding the roaster, 


Roasting and Magnetic Separation 
The roaster, locally designed and built, consists of an 8-inch steel 
pipe 12 feet long, inclined 1 inch per foot, brick-housed, and chain-driven 


at 15 r.p.m. It is externally heated with fuel oil to dull red heat. The 
material is passed through the roaster quickly to convert surfaces of the 
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pyrite particles to magnetic iron sulfide, After cooling, the roasted mate-~ 
rial is passed over a three-pole crossbelt-type Dings Wetherill magnetic sepa- 
rator, where the magnetic pyrite is removed at the first two poles and the 
garnet at the third and most powerful pole, The magnetic iron product, which 
contains 6 to 7 percent WO3, is stored for future treatment, 


Flotation 


The overflow from the Dorr and Fahrenwald classifiers, which are largely 
slimes, are pumped to a thickener and constitute an approximate 45 percent of 
the total mill feed, Occasionally a flocculent (Guartex = a General Mills 
product) is added to the thickener, The pulp from the thickener is pumped to 
a conditioner, where it is automatically regulated to a pH of 10.2 with soda 
ash, The pulp is conditioned for a sulfide float using xanthates, cresylic 
acid, and occasionally fuel oil, The sulfide float is made in a bank of eight 
36-inch Agitair flotation cells, The sulfide concentrate is discarded, 
whereas the tailing goes to a second conditioner, where oleic acid, blown tall 
oil, sodium silicate, Palcotan or Quebracho, and sodium cyanide are added. 

The conditioned pulp is split to feed two rougher banks of eight 36-inch 
Agitair flotation cells. The rougher tailings go to waste. The concentrates 
go to a bank of six 30-inch Denver cleaner cells, Sodium silicate is added 
to the cleaner circuit, The rougher froth is pumped into No, 3 cleaner cell. 
Cleaner froth from No. 1 and No, 2 cells goes to No, 4 cell. Froths from No, 
3 and No, 4 cells go to No, 5 cell, and the froth from No, 5 cell goes to No, 
6 cell, where Palcotan is added for the final cleaning, The tailing from the 
cleaner circuit is returned to the conditioner, whereas the cleaned concen- 
trate goes to a thickener, This thickness is used as a storage tank before 
acid treatment to eliminate calcite and apatite. 


Leaching Operation 


The concentrate from the thickener is pumped to two 3- by 3- by 15-foot, 
rectangular, rubber-lined, leaching vats, used alternately. Hydrochloric 
acid is added at the rate of 1 or 2 pounds per pound of concentrate, depending 
on the calcite content. The concentrate remains in the leaching vat until the 
calcite and apatite are dissolved, usually requiring several hours, The spent 
acid is removed from the Leached pulp by decantation (siphoning), and the 
leached concentrate is given four water washes, The washed product is then 
hand-shoveled out of the leaching vat, dried in a rotary kiln, and blended 
with gravity concentrate, 


Milling Data 
Table 15 shows a screen analysis of composite samples of gravity and 
flotation mill feed and tailing, table 16 the yearly acid and flotation re- 


agent consumption and table 17 the average yearly percentage of recovery, 
with a typical analysis of the tungsten concentrate, 
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TABLE 15. - Screen analysis of composite s les, Nevada- 
Massachusetts Co,, May 1955 


Table tailing Flotation tailing 


Weight- W03 Percent of Weight- WO3, Percent of 
pe — — WO- percent percent total W03 
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Product WO3, percent 
Average mill feed......e000¢) 0.35-0.4 


Average table tailing....... .03- .04 


Average flotation tailing... ol 
Concentrate grade....ccccces 74+ 
Overall recovery,..... : 80 ,0+ 


Winnemucca Mountain Mining Co, 


The mill of the Winnemucca Mountain Mining Co, is approximately 2-1/2 
miles north of Winnemucca, Humboldt County, Nev. The mine is 42 miles west of 
Winnemucca, The ore (scheelite in quartz and pyrite) averages 0.71 percent 
WO3. It is concentrated by tabling, followed by roasting and magnetic separa- 
tion, The mill treats 1 ton of ore per hour at an average recovery of 62 per- 
cent. A 74 to 77 percent concentrate is produced and blended with the mid- 
dling product for a final concentrate of 62 to 63 percent WO3, Figure 8 is 
the flowsheet of the milling operation, 


Crushing, Screening, and Grinding 


The ore from the mine is truck-hauled to the mill and dumped on a grizzly 
with 5-inch openings, The grizzly oversize is fed to a Blake-type jaw crusher, 
and the crushed product joins the grizzly undersize, Then it is elevated to a 
vibrating screen having 5/8-inch openings. The screen oversize is fed to a 


526140 O -59 -4 
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No. 19-1/2 0.S,. Kennedy Van Saun cone crusher, set at 1/4 inch and operated in 
open circuit, The crushed product joins the screen undersize and is conveyed 
to the fine-ore bin. 


The fine-ore bin product is fed by a belt feeder to a 10-mesh trommel 
screen, The screen oversize is fed to a 30-inch Deco convertible grate dis- 
charge ball mill operated in closed circuit with a 10-mesh vibrating screen, 
All the combined minus-10-mesh products are fed to a 6= by 12-foot Wilfley 
table, 


TABLE 16, - Reagent consumption, acid leaching and flotation 
Acid leaching, hydrochloric acid 


Year Pounds per ton of ore Pounds per unit WO3 produced 


LIS i coascea's Cweee sees 17.88 
LONG is ou eewec wee e eee 23.90 
L948) csc ese 4c es ewewewne 23.27 
Perec ee eee 15.00 
DO eee ee 18.20 
1950 ike diva waiwecewe 17 .42 
LOD lig wuverers abe ees eis ester 13.425 
by Soeerr errr reer eee 20 .37 
ie eee rere ee eee 14.77 
1954 18 66 


per ton of ore treated 


Year 
1945 ..06 
1946.... 
1947.20. 
1948.... 
1949.... 
1950.... 
1951.... 
1952 6 sa 
1953s se 


Average reagent consumption, pounds per ton of flotation feed treated 
10,75 0,207 0.165 | 0.201 [0.131 [| - [0.102 


Table Concentration 


No attempt is made to deslime or to classify the sand product because of 
the shortage of water and the cost of reclaiming it from the tailing pond. 
The minus-10-mesh product is fed directly to the Wilfley table at the rate of 
1 ton per hour, producing a concentrate, a middling, and a tailing. The tail- 
ing, containing 0.18 percent WO3, is discarded; but the concentrate and mid- 
dling product that contain appreciable pyrite are kept separate for roasting 
and magnetic separation, No attempt is made to regrind the middling product, 
which is roasted to produce a 28-percent WO3 product by magnetic separation; 
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this product, when blended with the 74 to 77 percent concentrate, results in 
a marketable finished concentrate containing 62 to 63 percent WO3. 


TABLE 17. - Average yearly recovery and typical concentrate analysis 


Table-concentrate | Flotation-concentrate | Total recovery, 


Year recove percent recove percent percent 
1945. ccc ccevees 75,84 
1946. ccscccscces 79,00 
1947. .ccvcccscnes 77.01 
1948. wcccesovcece 77.73 
1949 7s oesswsn sees 77.84 
1950... ccccccccee 80.45 
L951. wecccccccves 73,09 
bY Serre 79.84 
L953. ecvcccccccce 81.41 
1954 79 ,86 


rpical analysis of tungsten concentrate 


Concentrate Analysis, percent || Concentrate | Analysis, percent 


Tungsten trioxide.... Molybdenum,..... 0.36 
¢ i Bo Pe pCa mre are a errr ae Manganese....e. .05 
APSCNLC 65.66450046% 00% Bismuth... cee. 04 
Sultry cs iiscieseeas oes Lead. 35-6555 ocak 04 
COPPCY isso desc dees ZANG 65555 se wden 04 
Total phosphorus,.... LEON 66.636 245%% 83 
Antimon aia 3 Moisture 052 


Roasting and Magnetic Separation 


The concentrate and middling are roasted separately in a steel tube 12 
inches in diameter and 6 feet in length, externally heated with butane bottle 
gas. Gas consumption averages 28 gallons per ton of concentrate treated at a 
cost of 18 cents per gallon, The tube furnace is rotated at 3 r.p.m, and 
heated to 600° C. at the hot zone (discharge end). The material remains in 
the hot zone only a few seconds, After cooling the product is magnetically 
separated with a Dings 12- by 12-inch permanent magnetic separator, and the 
two nonmagnetic products are blended to produce the desired grade of concen- 
trate, and the magnetic product (which-contains 3 percent WO3)is stored for 
future treatment. 


The Wolfram Co, 


The Toulon mill of the Wolfram Co, is approximately 15 miles south of 
Lovelock on Highway 40, Pershing County, Nev, The ore is truck-hauled to the 
mill from the company Nightingale mine. Occasionally custom ores are treated 
at the mill, The ore from the Nightingale mine is principally tactite, con- 
taining scheelite, garnet, apatite, epidote, calcite, pyrite, pyrrhotite, 
quartz, and small amounts of powellite, The tungsten mineral is concentrated 
by gravity methods, followed by sulfide flotation of the gravity-concentrate 
product and roasting and magnetic separation of the sulfide-flotation tailing. 
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FIGURE 8. - Flowsheet, Winnemucca 


Mountain Mining Co. 


hydraulic classifier, 


Spigot 1 is not being used at present, 
2 and 3 are combined and fed to table 3, 


The mill treats 120 tons of ore per 24 
hours, yielding a final product that as- 
says 63 to 78 percent WO3, The average 
mill feed assays 0.4 percent W0O3 and 
tailing 0.15 percent W03; and the recov- 
ery is 72 to 74 percent, Figure 9 is the 
flowsheet of the milling operation, 


General Milling Practice 


The ore from the mine is truck- 
hauled to a platform from whence a bull- 
dozer scrapes it into the coarse-ore bin, 
A pan feeder feeds the ore to a 10- by 20- 
inch Farrell jaw crusher for crushing to 
2-1/2 inches, A conveyor delivers the 
crushed product to an elevator, which 
discharges into a 9/16-inch-opening trom- 
mel screen, The oversize product goes to 
a secondary, 24-inch, Telsmith gyratory 
crusher in closed circuit with the ele- 
vator and screen, The undersize product 
goes to the fine-ore bin, A belt conveyor 
delivers the ore from the fine-ore bin to 
another elevator, which discharges it to 
a Hume-mer double-deck vibrating screen, 
The top deck is equipped with an 1/8-inch 
opening Tyrod No, 9633 screen cloth and 
the lower deck with a l6-mesh Tyler or 
Tyrod screen cloth, The oversize from 
the top deck goes to No, 1 rolls, and the 
oversize from the lower deck to No, 2 
rolls, Both rolls are in closed circuit 
with the screen, The undersize from the 
lower deck screen go to a 24- by 24-inch 
Bendelari jig. The jig acts more as a 
sizer than a concentrator, producing a 
tailing and a hutch product, The gravity 
circuit consists of seven Wilfley tables, 
but only six are in use, The jig hutch 
product is fed to tables 1 and 2, and the 
tailing to a four-spigot Fahrenwald 
Spigot products 
Spigot product 4 is fed to table 4, 


All the tables produce a concentrate, a middling, and a tailing. 


The hydraulic classifier overflow, which constitutes fines and slime, 
flows to a thickener, from whence a 2-inch Dorrco diaphragm pump delivers the 


pulp to table 7, 
are fed to table 7, 
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Middling products from all the tables are combined and also 
The middling from table 7 goes to an elevator, which 
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FIGURE 9. - Flowsheet, Toulon Mill, Wolfram Co. 
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discharges onto a screen, The screen oversize goes to a fine roll, in closed 
circuit with the elevator, The undersize product is fed to table 5; the mid- 
dling from table 5 returns to table 7, The tailing from all six tables is 
discarded to waste, and the concentrate from all six tables is combined for 
the sulfide flotation, 


Flotation of sulfide minerals is made in two 24- by 24-inch Galigher 
cells, The reagents used are xanthate 301 and a frother 242 mixture composed 
of one part of frother 242 and four parts of cresylic acid, The sulfide con- 
centrate is stored for future treatment, The flotation tailing is dewatered 
in a screw conveyor and delivered to the roaster for drying and roasting, The 
roasted product goes to an elevator, which feeds a four=-belt Wetherill-type 
magnetic separator, The magnetic products contain pyrite and garnet, The py-= 
rite is discarded, and the garnet is returned to regrind for reuse in tabling 
operations, Because it is difficult to distinguish between scheelite and 
quartz in table operations, the garnet is used as an indicator in making a 
close split between these minerals to produce a high-grade tungsten concen= 
trate, The nonmagnetic product is sacked for shipment, 


Nevada Scheelite Co, 


Division of Kennametal, Inc, 


Nevada Scheelite Co., a division of Kennametal, Inc., is approximately 5 
miles east of Rawhide, Mineral County, Nev. The ore, containing scheelite, is 
mainly a porous limonitic tactite made up of garnet, epidote, apatite, diop- 
side, limonite, pyrite, calcite, wollastonite, and quartz. The scheelite is 
concentrated by tabling and flotation, followed by roasting and magnetic sepa- 
ration to remove sulfides and garnet. A two-stage acid leaching of the flota- 
tion concentrate removes calcite and apatite, The mill treats 125 tons of ore 
per 24 hours, The average mill feed assays 1,2 percent WO3, the average tail- 
ing 0.17 percent WO3, and the concentrate 70.0 percent WO3 at an overall re- 
covery of 85 percent, Figure 10 shows the flowsheet of the milling operations, 


Crushing and Grinding 


The ore from the mine is hoisted in a 2-ton skip and dumped into a 100- 
ton steel coarse-ore bin, from whence an apron feeder delivers the ore to a 
15- by 24-inch Universal jaw crusher, where it is crushed to a 3-inch product 
and conveyed to a 20-ton crushed-ore bin. A 4= by 7= by 22-inch D.P, magnetic 
separator is suspended over the conveyor belt to remove tramp iron and occa- 
sional pieces of coarse magnetite ore, The crushed ore is then fed to a No, 
25, Kennedy, gearless, gyratory crusher, reduced to 1/2 inch, and conveyed to 
an 80-ton fine-ore bin, A Syntrol electric vibrator feeds the ore from the 
fine-ore bin onto a conveyor. belt, which delivers the product to a bucket 
elevator, The elevator discharges to a 4- by 6-foot, Overstrom, double-deck 
step screen, The top deck is equipped with a 10-mesh screen cloth and the 
lower deck with a 20-mesh screen cloth, The top deck acts as a scalper to 
relieve the load on the lower deck, The plus-10-mesh and plus-20-mesh prod- 
ucts are combined and fed to a 5= by 10-foot Straub, double-compartment, 
peripheral-discharge ball mill fed from both ends. The ball mill is in closed 
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circuit with the elevator and screen, The minus-20-mesh product goes to a 5= 
by 5=foot Wemco conditioner in preparation for the sulfide flotation, 


Sulfide Flotation, Gravity Concentration, Roasting, 
and Magnetic Separation 


The conditioned minus-20-mesh pulp in the Wemco conditioner is fed to 
three 44=- by 44-inch Booth flotation cells for removing pyrite sulfide miner- 
als, The tailing from the flotation cells flows to a 2-inch Wilfley sand pump 
and then is pumped to a Krebs cyclone, The cyclone slimes or overflow goes to 
an 8- by 24-foot Dorrco thickener and the sands to a 5-pot Deister hydraulic 
classifier. A 2-inch Denver vertical pump delivers the hydraulic classifier 
overflow to the 8- by 24-foot Dorrco thickener in preparation for a second 
flotation of the sulfide minerals. Sands from the first two pots of the hy- 
draulic classifier are combined and pumped by a 2-inch Wilfley pump to a 
Denver self-rotating distributor that distributes the feed to three Plato, and 
one Diester diagonal table, The remaining three pot products from the hydrau- 
lic classifier are fed separately to three Wilfley tables, Each table produces 
a concentrate, a middling, and a tailing. The tailing from the first five 
tables goes to waste, The tailing from the last two tables and the middling 
from all the tables are pumped by a 2-inch Wemco sand pump to a 30-inch by 16- 
foot Wemco screw classifier for dewatering, thence to the Straub ball mill to 
be reground. The concentrate from all seven tables is combined and recleaned 
on a Diester diagonal cleaner table, Tailing from this table is returned to 
the Straub ball mill for regrinding; the concentrate goes to a Sutton sand 
drier, whence it is carried to a hopper feeding a small 35-mesh trommel screen 
to remove any plus-35-mesh product that may be present. The minus-35-mesh 
screen product is fed to an externally fired roaster tube, The roasted prod- 
uct then goes to a screw feeder equipped with a water jacket for cooling the 
product, then to a hopper that feeds a Wetherill-type 3 cross belt magnetic 
separator, The oxidized iron sulfide containing approximately 1.5 percent 
WO3 is removed at the first crossbelt. The garnet containing 15.0 percent 
WO3 is removed at the second crossbelt, This product, which totals 60 or 80 
units of WO3 per month, is shipped to the Union Carbide Nuclear Co, plant at 
Pine Creek, Calif., for further processing, The nonmagnetic product averages 
70.0 percent WO3 and is sacked in 100-pound bags for shipment, 


Flotation 


The slime overflow pulp from the Krebs cyclone and hydraulic classifier, 
after thickening, is pumped with a 3-inch, Simplex, low-head, Denver diaphragm 
pump to a No, 250 Denver unit cell for further pyrite flotation, The tailing 
from the unit cell goes to a 6=- by 6-foot redwood conditioner, thence to a 5= 
by 5-foot redwood conditioner before fatty acid flotation, The conditioned 
pulp flows to four 36- by 36-inch Booth rougher cells, The tailing from the 
rougher circuit goes to two Booth scavenger cells before final disposal; the 
scavenger concentrate is returned to the conditioner, The rougher concentrate 
goes to a bank of four Denver cleaners that consists of two No, 12 and two No. 
10 Denver cells for a three-stage cleaning. The cleaner tailing is returned 
to the conditioner, The finished concentrate is dewatered in a dewatering 
cone in preparation for the acid treatment, 
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Acid Treatment 


The acid-treatment plant consists of a 4- by 4- by 15-foot rubber-lined 
treatment tank, a 4- by 4-foot, rubber-lined acid-measuring tank, a 10,000- 
gallon, rubber=-lined, acid-storage tank, and a locally designed gas-fired 
drier having brick sides and a heavy top steel plate, Two-stage leaching is 
practiced, Hydrochloric acid consumption varies from 100 to 200 pounds per 
unit of tungstic trioxide treated, 


In the first stage of leaching a 3-hour cycle is used to dissolve the 
calcite, The resulting calcium chloride solution is siphoned off and dis- 
carded, In the second stage of leaching a 45-minute agitation in 20-percent 
hydrochloric acid solution is used to dissolve the apatite, followed by two 
water washes, The final leached product is dried and sacked in 100-pound bags 
for shipment. The milling data are summarized below: 


Product WO3, percent 
Average Mill LC 55.65.44. sesws ween eeeeews Sheu weeuseuies 1.2 
average: Flotation. FeO siwcssiwesicswedere odes eeewws cee 265 
Average table Teed ¢ 356 <.66.6:616.05446 4NS6 605.0086 056 60s 08% 1.45 
Average flotation: Cal ine 666 oii sisewne sesso wines «essere 20 
Average table: Catling 6 66: 6:65:655.sts4.s eis wie oie oe sie win 46s 6 Sar 14 


Average recovery, flotation....cccccccccccccescecccces  65.,0-68.0 
Average recovery, tabling......ccccscccccccccccscccsccce  88,0-90.0 


Overall FECOVETY...cccccccccccccccccccccscceeccccccecs 83.0 
Average grade, gravity concentrate, ....cccccccccccccece 70 .0+ 
Average flotation concentrate, untreated. ...cccccccece 25.0 
Average flotation concentrate, acid-treated......ccce. 68 .0 


Typical analysis of finished combined gravity and flotation concentrates: 
Percent 


Tungsten CEL OKT Co 55 5.550056 6 hw hah Rae 69.52 
DUET os yd 6.555 60 ew Ae OS Hee SERA AS So OURS DES 13 


PHOS DIOL AIS ooo 15 556.5 sa Way ooo Wao 0-0 wah ow we 6 leo o es a wees Ol 


CODD EE 25 ois sae Siw bia 0 wie oso enh SSS oO Seo Owe see aues 03 


Table 18 shows the reagent consumption and place of addition and table 19 
a typical screen analysis. 


Dead Horse Wells Unit 


The Dead Horse Wells mill, a unit of the Nevada Scheelite Co., is 8 miles 
southwest of Rawhide, Mineral County, Nev. In 1956 the mill treated tailing 
from past operations of the Nevada Scheelite mine. The original tailing pile 
contained approximately 55,000 tons of which 27,000 tons still remain to be 
treated, 
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TABLE 18, - Flotation-reagent consumption and place of 
addition, Nevada Scheelite Co, 


Reagent per ton | Place of addition in figure 


Soda) 46h. 2 ..c42466o0eceeaeeeecaccee os Ball mill (A) 
Reagent Z-6 + Ze1l...ccccccccccccce Conditioner (B) 
Pine oil + frother-77 (l-1)....ceo. Sulfide flotation (C) 
Frother=77 + R-Z-11 each....scccces do, (D) 
SOG4: ASU s 6:5 ss :c'eisc be oiwarenaeisebacereee Conditioner (E) 
Sodium silicate... ..cccccccccccccces do. 
SOdLuMm Cyanl de ¢ ies ce. 6 6e.siele oss 6 rece do, 
PalCOCan css 4 veeeseeeeecenseecoues do. (F) 
Oleic acid + blown tall oil (1-1).. do, 
ACYOSOL 16 oss bis chscewe sweetness do, 
Oleic acid + blown tall oil (l-1).. Scavenger circuit (G) 
Alum aul fate s.:2.09 bcos cenensescceeta Dewatering cone (H) 
Sodium silicate, ...cccccccccccccecce Cleaner circuit (I) 
ACrOSOl 16 s.3ccss ovedescxeoeiwedess (J) 
Sodium cyanide ee K 
TABLE 19. = Typical screen analysis, Nevada Scheelite Co 
Flotation feed Flotation tailing Table ae 
Weight-|per- itribution, |Weight-|per- |tribution, |Weight- eed tribution, 
Mesh percenticent | percent percent;cent {| percent percenticent | percent 
+ 35 - - - - 24.5 
+ 48 26.7 
+ 65 24.7 
+100 17.0 
+150 5.2 
+200 1.4 
- 200 ) 
+270 7 ; = 


-270 5 73 
feed...sescoe oD tailing tailing 
Tungsten minerals found in the tailing are complex, They possibly con- 
tain reinite or what is known locally as “spookite." Because of their com- 
plexity, recovery is low, The mill heads assay 0.45 percent WO3 and the tail- 
ing 0.33 to 0.34 percent WO3, resulting in an average recovery of 25 percent. 
The average grade of the flotation concentrate is 12.0 percent WO3; when acid- 


treaded, it is upgraded to 62,0 to 63.0 percent WO3. The mill treats 125 tons 
of tailings per 24 hours, Figure 11 is the flowsheet of the milling operation, 


General Milling Practice 


A rotary scraper picks up the tailing and feeds it to a 10-ton hopper, 
whence a pan feeder feeds the material to a conveyor that discharges to a 
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Trommel screen 


Pump 


Overflow to reclaimed 
water pond 


FIGURE 11. - 


1/2-inch-opening trommel screen, 


and the undersize is discharged into a 150-ton mill ore bin. 


delivers the product from the mil 
a 5=- by 5-foot Marcy ball mill. 
The product is pumped to a 10-inc 


closed circuit with the ball mill. 


moves by gravity to a 34- by 10-f 
to the reclaimed water pond, and 
diaphragm pump to a 6- by 7-foot 
agitator, The conditioned pulp i 
cells, 


to four 36-inch Fagergren scavenger cells. 
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Flowsheet, Dead Horse Wells Unit, Nevada Scheelite Co. 


The screen oversize is discarded to waste, 
A belt feeder 

1 ore bin to a conveyor, which discharges to 
The ball mill discharges to a 3-inch SRL pump. 
h Krebs-cyclone classifier, which is in 

The Krebs-cyclone classifier overflow 

oot thickener, The thickener overflow goes 
the underflow is pumped with a 4-inch Denver 
conditioner and thence to a 5- by 5-foot 

s fed to three 44-inch Fagergren rougher 


The rougher concentrate goes to the cleaner circuit and the tailing 


The concentrate from the scavenger 
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circuit goes to a l=-1/2-inch Denver vertical pump and is pumped to the No, l 
conditioner, The scavenger tailing goes to a 3-inch Wilfley pump and is 
pumped to waste, 


The cleaner circuit consists of six Denver cleaner cells, The rougher 
concentrate is fed into cell 4 and its concentrate passes through a three- 
stage cleaning. The cleaner tail joins the scavenger concentrate and is 
pumped to the conditioner, The final concentrate flows to a l-inch Denver 
vertical pump and is pumped to a cone classifier, The overflow from the 
settling cone goes to a rectangular redwood settling tank and thence to the 
reclaimed water pond, The concentrate underflow of the cone classifier goes 
to a 3- by 3-foot Denver pan filter and thence to cans holding 300 pounds, 
The air-dried concentrate is then trucked 16 miles to the Nevada Scheelite 
plant for acid treatment, Table 20 gives the consumption and places of 
addition of the flotation reagents. 


TABLE 20, - Flotation-reagent consumption and place of 


addition, Dead Horse Wells unit 


Reagent Place of addition 
SOda: ASN ans 65s ace are Soe eos 6 Bibce wis Slee Seteers Ball mill 
BOGLum 6111 Cate. .6 hice 6545s sun eeeceis Do, 
SOGLiM (CV ant de 6.5 oe sic. 4 oie ee See Sas BORE Do. 
BOGA ASN.5 b:65 56 8abe6o. se ee eee baw ea ecee Conditioner 
Oleic acid=-blown tall ofl (2-1)... .cccoce Do, 
POT OS ON 555 .65:6 4.6 eviave aves wloraresare ew wareiataereretes Do, 
PALCOUAN o 156.6615 w 65: 6ioss: 4a sO ociiele S18 w ease eee Do. 
S<541L Erother os 6. ici iesiwcsawseeweeciwees Rougher 
$2541 “Lrother s sé civ k.ax Sriwsssehenseeeaees Scavenger 
Oleic acid-blown tall ofl (2-1) ....cccces Do, 
PALCOUCANy 6524.66.06 see kdw wee wow eweeeeeees lst cleaner 
Sodium silicate,.,........ hee ” Recleaner 


Gabbs Exploration Co, 


The mill of the Gabbs Exploration Co, is one~half mile west of Gabbs, Nye 
County, Nev, The ore from the company Victory mine, approximately 10 miles 
north of Gabbs, is truck-hauled to the mill. The ore is tactite containing 
scheelite, calcite, garnet, pyrite, quartz, and minor amounts of apatite and 
epidote, The scheelite is concentrated by gravity and flotation methods, fol- 
lowed by two-stage leaching, roasting, and magnetic separation of the schee- 
lite concentrate product, The mill treats 80 tons of ore per 24 hours, The 
average mill feed contains 1.5 percent WO., and tailing contains 0.15 percent 
WO3, a recovery of 92 percent or more, The grade of blended gravity and flo- 
tation concentrate averages 64 percent WO3. Figure 12 is the flowsheet of the 
milling operation, 


Crushing and Grinding 


The ore at the mine passes through an 8-inch grizzly into an 80-ton 
ore bin, from which it is trucked to the mill's 25-ton coarse-ore bin, An 
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FIGURE 12. - Flowsheet, Gabbs Exploration Co. 


apron feeder conveys the ore from the coarse-ore bin to a 20-inch Kue-Ken jaw 
crusher for reduction to 1 inch, The crushed product is elevated to a 5/l6- 
inch-opening Concenco vibrating screen, The screen oversize goes to an 18-inch 
Kue-Ken gyratory crusher, which is in closed circuit with the elevator and 


vibrating screen, The screen undersize goes to the mill 100-ton fine-ore 
bin, 
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A 12-inch belt feeder at the fine-ore bin delivers the ore to an elevator, 
An automatic sampler samples the ore in transit to the elevator, The elevator 
discharges the ore to a 24-inch Bendelari jig. The jig produces a tailing and 
a hutch product, The jig tailing is fed to a l7-mesh Selectro vibrating 
screen, The screen oversize goes to a 3- by 8=-foot Wemco rod mill, in closed 
circuit with the elevator and jig; the undersize goes to two Deister cone baf- 
fle classifiers, The jig hutch product goes to a half-size Deister, diagonal- 
deck shaking table, The table concentrate joins other table concentrates, and 
the table tailing is returned to the elevator feeding the jig. 


Table Concentration 


The two spigot products from the two Deister cone baffle classifiers are 
fed to the Deister Plato tables 1 and 2, The slime overflow from the cone 
classifier is fed to table 3, Each table produces a concentrate, a middling, 
and a tailing. The combined table concentrates flow to a l-inch Denver verti- 
cal pump and are pumped to a storage tank in preparation for acid treatment. 
The combined table middlings go to an elevator that discharges to a 40-mesh 
screen, The minus-40-mesh product is fed to table 3, The plus-40-mesh prod- 
uct is returned to the rod mill for regrind, The combined table tailings flow 
to a 3-inch SRL pump and are pumped to a 10-inch Krebs cyclone classifier, 

The cone-classifier underflow goes to a 24-inch Wemco spiral classifier, which 
is in closed circuit with a 3- by 8=-foot Wemco ball mill, which grinds the 
product to 48-mesh, The classifier overflow from the spiral classifier flows 
to a 2-inch Wemco pump and is pumped to a l6-foot thickener in preparation for 
flotation, The cyclone overflow flows by gravity to the same thickener, 


Flotation 
The thickener overflow is reclaimed water, 


A 3-inch Dorrco duplex diaphragm pump raises the thickener underflow to 
No, 1 conditioner, from whence it flows by gravity to conditioner 2, Both 
conditioners are 3-1/2 feet square and 4 feet deep. 


The conditioned pulp in conditioner 2 is pumped with a 1-1/2-inch Wemco 
pump to four 44-inch Fagergren rougher cells, The last two rougher cells can 
be used as scavengers, if necessary, The rougher tailing is sampled with a 
Galigher sampler, then flows through a 3-inch Wemco pump to waste. The rougher 
concentrate flows to four No, 12 Denver cleaner cells for a three-stage clean- 
ing. The cleaner tails are returned to the head of the rougher circuit, and 
the final concentrate goes to a 12-foot Wemco thickener in preparation for 
acid treatment, 


Acid Treatment 


Flotation Concentrates, =- The final cleaner concentrate contained in the 
thickener is distributed to two 5= by 5-1/2-foot redwood, acid-leaching tanks 
equipped with rubber-covered impellers, A two-stage leaching is employed to 
dissolve the calcite and apatite separately, In the first leaching stage hy- 
drochloric acid is stage-fed until effervescence ceases, The pulp is then 
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allowed to settle, and the resulting calcium chloride solution is removed by 
decantation. In the second leaching stage 8-percent hydrochloric acid is 
added for 1-1/2 hours, The dissolved apatite is then removed by decantation, 
and the remaining pulp is given two water washes by decantations., The leached 
and washed scheelite concentrate goes to a 4-foot pan filter, then to a drier, 
The dried product is mixed with gravity concentrates to produce a 64-percent 
WO3 product, 


Gravity Concentrates, - The combined gravity concentrates in the storage 
tank, previously mentioned, go to a 3-1/2- by 3-1/2-foot, redwood, false-bot- 
tom tank. Eight percent hydrochloric acid is added and the concentrate leached 
by percolation for 1-1/2 hours to remove apatite. The leached and washed prod- 
uct then goes to a sand drier in preparation for roasting and magnetic 
separation, 


Roasting and Magnetic Separation 


The product from the sand drier goes to an elevator that discharges the 
product to an 8- by 12-foot, gas-fired, stainless steel pipe roaster. The 
roasted product is elevated to a cooling tube, and the cooled product is dis- 
charged to a hopper feeding the Stolle magnetic separator. The magnetic prod- 
uct is returned to regrind and flotation, The nonmagnetic product is blended 
with flotation scheelite concentrate for sacking and shipment, Table 21 gives 
the flotation-reagent consumption and place of addition. 


TABLE 21. - Flotation-reagent consumption and place of 
addition, Gabbs Exploration Co, 


Reagent Place of addition 
Soda GSN o.. 6 oh ost eke 


Sodium silicate... cece Do. 

PRICOLAN (iis sous tsese ex Do. 

Sodium cyanide.....cece Do, 

Oleic acid. ...c.ccccccecce Conditioners 1, 2 
Cyanamid 710......ccees Do. 

Aerosol 18......ccccccce Rougher 

Sodium silicate........ Cleaner 
Palcotan.., P Do, 


Yaney Milling Co, 


The Yaney Milling Co., a custom tungsten-milling organization, is 2 miles 
northeast of Gabbs, Nye County, Nev, Custom ores from various sources are 
truck-hauled to the mill, The texture of custom ores, as well as the grade, 
varies considerably. Generally speaking, the ores are tactite containing 
scheelite, calcite, epidote, apatite, pyrite, pyrrhotite, quartz, dolomite, 
manganese minerals, and occasionally copper minerals, The grade of the custom 
ores ranges from0.4 to 2.5 percent WO3, The scheelite is concentrated by 
gravity and flotation methods, The flotation concentrate is treated by a two- 
Stage Leaching to remove calcite and apatite. The gravity concentrate is 
treated by magnetic separation, The mill treats 65 tons of ore per 24 hours, 
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producing a gravity concentrate that averages /0-percent WO3 and a flotation 
concentrate that assays 20 to 30 percent WO3, which, when acid treated, is up- 
graded to between 50 and 65 percent WO3, The tailing assay on a 1,0-percent 
feed is usually 0,12 percent WO3, The acid-treated flotation concentrate is 
mixed with gravity concentrates to yield a marketable product, Figure 13 is 
the flowsheet of the milling operations, 


Crushing and Grinding 


Custom ores are truck-hauled to the mill's coarse-ore bin, from which the 
ore is fed by means of a chute feeder to an 8- by l6-inch Wheeler jaw crusher, 
which crushes the ore to 1-1/2 inches, A conveyor belt delivers the crushed 
product to a 2-foot Traylor gyratory crusher for the secondary crushing, The 
Traylor crusher product is discharged into an elevator that distributes the ore 
to either of two 65-ton-capacity circular fine-ore bins, A belt feeder deliv- 
ers the ore from the fine-ore bin to a wet elevator, which discharges to a 12- 
by 18-inch, two-compartment Denver duplex jig. The jig tailings go to a 2- by 
5-foot Selectro 20-mesh screen, and the jig hutch product goes to concentrating 
table 3, The screen oversize goes to a 52=- by 47-inch ball mill and the screen 
undersize to a cone classifier in preparation for tabling. The ball mill dis- 
charges into a rake classifier, The classifier sands are returned to the wet 
elevator, and the classifier overflow, containing solids between 60- and 80- 
mesh goes to the flotation conditioner, 


Table Concentration 


All the tables are Deister diagonal tables, The cone sands from the 
screen undersize are fed to table 1, the cone overflow to table 2, The mid- 
dlings from tables 1 and 2 are fed to table 3, together with the jig hutch 
product, The combined concentrates from all three tables go to an Esperanza 
dewaterer and then to a rotary drier and magnetic separator, 


The tailings from all three tables and the middlings from table 3 are 
combined and flow to a cone classifier. The cone underflow sand flows to the 
ball mill for regrind, while the cone overflow goes to a 20-foot thickener in 
preparation for flotation, 


Flotation 


The thickener overflow is used as reclaimed water, and the underflow goes 
to a 5= by 6-foot conditioner, where appropriate reagents are added, The con- 
ditioned pulp flows to eight No, 24 Denver rougher cells. The rougher tailing 
flows to waste and the rougher concentrate goes to a bank of six Denver Sub-A 
cleaner cells for a three-stage cleaning, The cleaner tailing is returned to 
the head of the rougher circuit and the final cleaner concentrate to the acid- 
leaching tanks, 


Acid Leaching 


The acid-leaching tanks consist of three 4-1/2- by 7-foot redwood tanks. 
Two-stage leaching is employed. In the first leaching stage, hydrochloric 
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FIGURE 13. - Flowsheet, Yaney Milling Co. 
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acid is added to dissolve the calcite. The resulting solution is discarded by 
decantation, In the second leaching stage 15 percent (9.8° B.) hydrochloric 
acid is added to dissolve the apatite. The acid is permitted to remain in con- 
tact with the pulp until a blue coloration appears, which indicates that the 
apatite is dissolved and the scheelite is being attacked, At this point the 
solution is discarded by decantation, The remaining pulp is given four water 
washes, The scheelite product is then dewatered, dried, and blended with 
gravity concentrates to produce a marketable product, 


Magnetic Separation 


The magnetic separator is a locally built five-belt Wetherill type. The 
magnetic products consist of iron sulfide minerals and garnet, The sulfides 
are discarded, and the garnet is stored for use in the gravity circuit as an 
indicator in tabling when custom ores do not contain garnet, The presence of 
garnet permits a closer cut on the tables between scheelite and quartz, which 
results in a higher recovery and a higher grade scheelite concentrate, The 
nommagnetic product is sacked for shipment, 


Minada Corp, 


The Minada mill of the Minada Corp., formerly known as the Nevada Tung- 
sten Corp., is at Sodaville, 3 miles south of Mina on Highway 95, Mineral 
County, Nev, Ore from the company Silver=-Dyke mine is truck-hauled to the 
mill, The mine ore averages 1.0 percent WO3 and is characterized as quartz 
containing scheelite, calcite, epidote, apatite, garnet, and pyrite. The mill 
is an all-gravity circuit that has a capacity between 125 and 150 tons of ore 
per 24 hours, The Silver Dyke mine produces 50 to 75 tons of ore per day. 
With the present gravity facilities, 80 to 85 percent recovery is being at- 
tained in milling the mine ore, Figure 14 is the flowsheet of the milling 
operations, 


Crushing and Grinding 


The ore from the mine is truck-hauled to the mill site and dumped into a 
12- by 12-foot coarse ore bin and fed to a 15- by 28-inch Wheeler jaw crusher, 
The crushed product is conveyed to a 3- by 6=-foot Denver Dillon vibrating 
screen having 3/8-inch openings. The screen oversize is fed to a 32-inch Tele- 
smith crusher; the screen undersize joins the crushed product, is sampled, and 
is conveyed to another 24- by 48-inch vibrating screen also having 3/8-inch 
openings, The plus-3/8-inch product is routed to bin 1, and the minus-3/8- 
inch product to bin 2, Each bin is equipped with individual feeders, The 
product from bin 1 is fed to a 6= by 4=foot Marcy ball mill that is in closed 
circuit with a 22-inch by 6-foot Duplex rake classifier, The classifier over- 
flow flows to a 2-inch Wilfley pump and is pumped to a two-cell, 18- by 24= 
inch Denver jig. The product from bin 2 is fed directly to the same jig. The 
jig tailing flows to a 20= by 60-inch, 12-mesh vibrating screen, and the jig 
hutch product is fed to No, 8 Wilfley recleaner table, The table concentrate 
is routed to the drier as a finished product and the table tailing pumped to 
a 4- by 6<foot, 30-mesh vibrating screen, 
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FIGURE 14. - Flowsheet, Minada Corp. 
Table Concentration 


The jig tailing is sized by a vibrating screen into plus- and minus-12- 
mesh products, The plus-12-mesh product is returned to the ball mill for re- 
grind and the minus-12-mesh product routed to a splitter that feeds scalping 
tables 1 and 2, The scalping tables' tailings and middlings are combined and 
pumped to a splash board and spreader, feeding a 4- by 6-foot, 30-mesh vibrat- 
ing screen, The plus-30-mesh product returns to the ball mill for regrind, 
and the minus-30-mesh product is fed to a dewatering cone, which feeds a five- 
spigot hydraulic classifier, The combined scalping table concentrates are 
pumped to table 7 for final cleaning. The concentrate from table 7 goes to 
the drier as a finished product; the middling and tailing are returned to the 
30-mesh vibrating screen, 
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The four spigot products from the hydraulic classifier are fed separately 
to scavenger tables 3, 4, 5, and 6, while the fifth spigot product, which con- 
stitutes the slime, flows to a 6-foot dewatering cone and then to No. 9 Wilfley 
recleaner table, The tailings from all five tables are combined, sampled, and 
pumped to waste; the middlings are returned to the 30-mesh vibrating screen by 
way of pumps. The combined concentrates from the four scavenger tables are 
pumped to table 7 for recleaning, and the concentrates from tables 7 and 9 go 
to the drier as a finished product, The dried concentrates are sacked for 
shipment to market, 


Wah Chang Mining Corp, 
Lincoln Division 


The Lincoln mill of the Wah Chang Mining Corp. (Lincoln Division) is at 
Tempiute, approximately 45 miles north of Hiko and 84 miles west of Caliente, 
Lincoln County, Nev, The ore from the mine 600-foot level is transported in 
a train of ten 2-ton cars drawn by a diesel locomotive to an open stockpile 
close to the crushing plant, Ore from the mine 100- and 300-foot levels is 
truck-hauled to the same stockpile. The general nature of the ore is tactite 
containing scheelite, calcite, garnet, epidote, apatite, chlorite, molybdenite, 
sphalerite, pyrite, pyrrhotite, quartz, fluorite, and minor amount of gypsum, 
oxidized minerals, limonite, and ferrous sulfate, 


Milling is conducted in five steps - crushing and grinding, sulfide flota~ 
tion and gravity concentration, treatment of gravity concentrates, flotation 
of scheelite-bearing slimes, and lastly acid treatment for scheelite-fluorite 
separation, because the complex ore contains mixed sulfides, fine-grained 
scheelite, and the objectionable calcium fluorite. The mill treats 700 to 750 
tons of ore per 24 hours, The average mill feed assays 0.37 percent WO3 and 
the tailing 0.10 percent WO3. Recovery approximates 70.0 percent of the con- 
tained WO3 in the ore, Figure 15 is the flowsheet of the milling operations, 


Crushing and Grinding 


A three-drum, 50-hp., Ingersoll-Rand slusher feeds the ore from the open 
stockpile onto a 42-inch by 17-foot Stephens-Adams pan feeder that conveys the 
product to a 42= by 48- inch Traylor jaw crusher, A 30-inch conveyor delivers 
the crushed product to a 650=-ton coarse-ore bin, where a Type 4 Jeffery vibrat- 
ing feeder feeds a 24-inch conveyor belt that delivers the crushed product to 
a 3-inch grizzly. The grizzly oversize product is fed to a 12-inch Traylor 
bulldog gyratory crusher with an opening set at 2-1/2 inches, The grizzly 
undersize joins the Traylor crusher product on a 20-inch conveyor belt, then 
is conveyed to a 4- by 10-foot, double-deck, Allis-Chalmers ripple flow screen, 
The top deck has 2-inch=square openings; the lower deck has 1/2- by l-1/2-inch 
Tong-cap openings. The oversize from both decks is fed to a 5-1/2-foot Symons 
short head cone crusher and crushed to 1/2 inch, The lower deck undersize 
product and the Symons cone crusher product join on a 20-inch conveyor and are 
discharged to a 400-ton fine-ore bin. Two Hardinge constant-weight feeders 
feed the ore from the fine-ore bin separately to two l6-inch conveyor belts 
that deliver the ore to two 5=- by 10-foot Traylor rod mills, Rod mill 1 
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FIGURE 15. - Flowsheet, Wah Chang Mining Corp., Lincoln Division. 
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discharges to a 3-inch Wilfley pump, The ground pulp is pumped to a Dorrco 8- 
by 18-foot 4-inch Type F duplex rake classifier, Rod mill 2 discharges to a 
launder that flows the pulp by gravity to the same classifier. The sand prod- 
uct from the rake classifier flows to a 7= by 5=-foot Allis-Chalmers ball mill, 
which is in closed circuit with the rake classifier, The classifier overflow 
is routed to the sulfide flotation and gravity-concentration section. 


7 sulfide Flotation and Gravity Concentration 


The Dorrco rake-classifier overflow is fed to six 62-inch Fagergren 
rougher cells for sulfide flotation, The sulfide concentrate flows to a 2-1/2- 
inch Wilfley pump and is pumped to No, 4 sulfide cleaners comprised of two 62= 
inch Fagergren cells. The cleaner tailing returns to the head of the rougher 
circuit and the concentrate is sampled and pumped to waste with a 2-inch Hydro- 
seal pump. The rougher tailing flows to a 4-inch Wilfley pump and is pumped 
to No. 8 classifier that is a 6= by 32-foot Wemco duplex spiral classifier. 

The classifier sands flow to a 4-inch Wilfley pump and are pumped to a two-way 
splitter that feeds two 4-foot-diameter, 60°, Apex sand cones, The classifier 
overflow, which constitutes the slimes, flows to a 3-inch Wilfley pump and is 
pumped to splitter 3, which distributes the slimes to two Dorrco thickeners 
(6-7) feeding the slime circuit, 


The underflow from the two sand cones flows separately to two St. Joe=- 
type (10-spigot each) Wemco hydraulic classifiers, The 20 spigot products are 
fed separately to 20 standard, Deister, superduty, shaking tables, Each table 
produces a concentrate, a middling, and a tailing, and like products of each 
table are combined, The combined tailings flow to two 3-inch Wilfley sand pumps 
and are pumped to a 4=foot-diameter, 40°, Apex sand cone, The cone under- 
flow goes to waste, The combined middlings flow through a 3-inch Wilfley 
pump to another 4-foot-diameter, 40° Apex sand cone, The middling cone under- 
flow is routed to ball mill 2 for regrind. Overflows from all of the cones 
and the two hydraulic classifiers are combined and flow to splitter 3 for dis- 
tribution to the two Dorrco thickeners that feed the slime flotation circuit, 
The combined table concentrates flow to a 6-inch spiral conveyor, which carries 
them to four 15-inch Galigher sulfide scavenger cells for further flotation of 
sulfide minerals. The sulfide concentrate is pumped by a 1-1/2-inch Kimball- 
Krough pump to No, 4 sulfide cleaner circuit, 


Gravity=Concentrate-Treatment Section 


The tailing from the sulfide scavenger circuit flows to a 2-inch Hydro- 
seal pump and is pumped to a four-spigot, St, Joe-type, hydraulic classifier, 
designated as No. 5, The four=spigot products are fed to three Deister diag- 
onal tables; the last two-spigot products are combined to feed table 3, Table 
3 tailing and the hydraulic classifier overflow are combined; they flow to a 
2-inch Wilfley pump and are pumped to a settling barrel. The overflow from the 
settling barrel is fed to table 4 and the underflow to table 5, The tailing 
from table 4 is fed to table 6, Tailings from tables 5 and 6 are combined and 
flow to a 2-inch Wilfley pump for delivery to No. 8 Wemco classifier, The 
concentrates from all 6 tables are combined and flow to a 9-inch spiral clas- 
sifier; they then discharge to a l-inch Wilfley pump, and the concentrate is 
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pumped to a 9-foot dewatering classifier, The dewatered product then goes to 
a 9-inch by 22-foot double-screw infrared drier, and the dried product is fed 
to a Stearns three-pole magnetic separator. The iron is removed at the first 
pole, and the garnet at the second and third poles, The nonmagnetic product 
is sacked for shipment. 


Slime-Treatment Section 


The combined slimes resulting from the gravity circuit are routed to 
splitter 3, They are equally distributed to two 12= by 45-foot Dorrco thick- 
eners (6 and 7). The overflow from both thickeners is used as reclaimed water, 
The underflow from each thickener is pumped by two 4-inch Dorrco triplex dia- 
phragm pumps to four 66-inch Fagergren sulfide scavenging cells, The sulfide 
concentrate flows to a 2-inch Wilfley pump and is pumped to No. 4 sulfide 
cleaner circuit for further cleaning, The tailing flows to a 4-inch Wilfley 
pump and is pumped to a 10-foot Galigher conditioner in preparation for the 
fatty acid flotation, The conditioned pulp then flows to eight 56-inch, 
Fagergren, scheelite rougher cells. The rougher tailing goes to waste, and 
the concentrate flows to eight No, 18 special Denver cleaners, entering the 
cleaner circuit at cells 5 and 6, The cleaner circuit operates countercurrent 
for a three-stage cleaning. The cleaner tailing flows to a 2-inch Wilfley 
pump and is returned to the head of the rougher circuit, The final cleaner 
concentrate flows to a 2-inch Wilfley pump and is pumped to a 10-inch centri- 
clone, The centriclone underflow is fed to a No, 6 Deister superduty diag- 
onal shaking table, which yields a concentrate, a middling, and a tailing. 

The table middling is fed to another table which produces a concentrate and 

a tailing. The tailings from both tables, plus the centriclone overflow, are 
low-grade products that are further treated by a secret process for the schee- 
lite-fluorite separation, The clean concentrate from both tables is routed to 
a pan drier, and the dried product is sacked for shipment, Table 22 shows a 
typical analysis of a monthly composite of the combined tailings, and table 23 
the flotation-reagent consumption and places of addition, 


TABLE 22. = Typical analysis of a monthly composite 
of the combined tailings, Wah Chang 
Mining Corp,, Lincoln Division 


WO, Distribution, 
Mesh percent percent percent 


BD ete nae ia coe a edgiet 4.8 
Odeo ore aie oie bia eegt ek 10.1 
Osos Wee ee ee 15.7 
LOO 56s wiecswes iesne es 11.8 
B90 55s bee eee oe wes 10.7 
200 eS i weweseews 4.0 
~200 sandsS,...sccoce 17.8 
=-200 slimeS...ccece 25.1 
Total 2 100.0 
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TABLE 23, - Flotation-reagent consumption and place of addition, 
Wah Chang Mining Corp,, Lincoln Division 


eae 
Reagent pounds per ton Place of addition 


Xanthate 301....c.eee Mills and staged to cells 


Main sulfide 


flotation, Aerofloat 25...cccccce Do, 
MIBC .cccccsccecsccces Cells 
Copper sulfate....... 
Table sulfide | Copper sulfate....... 
scavenger. Aerofloat 25...ccceee 
MEBG 56 eis Sabb kbex 
Xanthate 301,......... 
NaOH 
scavenger, Cells 
Scheelite Quebracho,....csccccce Conditioner 
flotation. Soda ash....cccccccee Do, 
Sodium silicate...... Do. 
Sodium cyanide....... Do, 
Oleic BEL Cnines wiaiesies Staged to cells 
Do 
Scheelite gicbeschoe Cells 
cleaner. Sodium silicate...... Do 
Table Quebracho......cecese To centriclone 
conditioning, | Limes ..ccscosscccccees Do 


Benton Division 


The Benton mine and mill of the Wah Chang Mining Corp., formerly known as 
the Black Rock mine, is 32 miles north of Bishop, on Highway 6 in the Indian 
mining district, Mono County, Calif. The ore from the Benton mine is truck- 
hauled to the mill stockpile. The ore is a tactite containing scheelite, cal- 
cite, fluorite, apatite, epidote, garnet, pyrite, pyrrhotite, and minor 
amounts of chalcopyrite. One section of the mine contains appreciable fluo- 
rite, Ore from this section causes difficulties in the flotation circuit; 
with such ore, it is difficult to achieve more than a 50-percent WO3concen- 
trate, even after leaching to remove calcite, 


The scheelite is concentrated by flotation, followed by acid leaching of 
the scheelite product to remove the calcite and apatite, The leached product 
is then blended with concentrates from the company Lincoln mill to produce one 
concentrate for shipping, The mill feed ranges from 0,30 to 0,60 percent WO3, 
and the average mill recovery is approximately 80 percent, The cleaned flota- 
tion concentrate assays 24 to 34 percent WO3. The mill treats 400 to 500 tons 
of ore per 24 hours, An accumulation of tailings from the old Tungstar mill 
is being mixed with pit and underground ores in about the ratio of four tail- 
ings, three pit ores, and three underground ores, Some of the mine ore is 
being truck-hauled to Union Carbide & Nuclear Co, mill at Pine Creek for 
treatment, Figure 16 shows the flowsheet of the milling operations, 
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FIGURE 16. - Flowsheet, Wah Chang Mining Corp., Benton Division. 


Crushing and Grinding 


The ore from the mine is truck-hauled to a stockpile near the primary 
crushing plant. A skip loader feeds the ore from the stockpile to a 24= by 36=- 
inch Austin Western jaw crusher, The crushed product is conveyed to a 4- by 6- 
foot Symons vibrating screen having 1/2-inch openings, The screen oversize is 
fed to a 2-foot, 4-inch Traylor TY crusher set at 5/8 inch. The secondary 
crusher product joins the screen undersize and is conveyed to a circular fine- 
ore bin of about 500-ton capacity. A Hardinge constant-weight feeder delivers 
the ore to a conveyor belt, which discharges into a hopper, From the hopper 
the ore can be fed to either of two grinding circuits, One grinding circuit 
consists of a l0- by 3-foot Hardinge overflow-discharge ball mill in closed 
circuit with an 8-foot Dorr duplex classifier, The other circuit consists of 
a 4- by 10-foot Hardinge rod mill, which discharges into a 6-foot classifier, 
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The classifier oversize is fed to a 6= by 6-foot Allis-Chalmers ball mill, 
which is in closed circuit with the classifier, The classifier overflow from 
either grinding circuit contains solids of 95 percent minus-65-mesh and 30 
percent plus-200-mesh and is pumped to No, 1 conditioner. The pulp is sampled 
automatically as it enters the conditioner, The pulp from conditioner l, 
which is a 10- by 10-foot Galigher, flows by gravity to a 6- by 6-foot No, 2 
Denver conditioner, 


Flotation 


The conditioned pulp from conditioner 2 flows to four 62-inch Fagergren 
rougher cells, The tailing from the rougher circuit flows to four 66-inch 
Fagergren scavenger cells, The concentrate from the scavenger circuit returns 
to the head of the rougher circuit; the scavenger tails go to waste, The con- 
centrate from the rougher circuit goes to eight Denver cleaners for a three- 
Stage cleaning, The cleaner tails are returned to the rougher circuit, The 
final cleaner concentrate pumps to three 8=- by 10-foot, rubber-lined, conical 
agitators for the acid treatment, Hydrochloric acid is added to remove the 
calcite and apatite and the resulting product water-washed by decantation, 

The leached concentrate is filtered in a Shriver filter press and dried in an 
infrared-heated double-screw conveyor, The dried product then goes to the 
blending room where it is mixed with concentrate produced at the company 
Lincoln mill at Tempiute, Nev., to produce a marketable product, 


Table 24 is a typical analysis of the classifier overflow, table 25 shows 
a typical analysis of the final concentrate, and table 26 shows the flotation- 
reagent Consumption and places of addition, 


TABLE 24, = Typical screen analysis of the classifier overflow, 
Wah Chang Mining Corp,, Benton Division 


Mesh Weight=-percent WO3, percent 


0,23 
08 
05 
17 
41 
~20 

58 


+ 09 ws i cere his ee eve bid © ee 
FLOOD Miia tewiea bs 6ieces enews eae 
LO aerecord sa ave wee ace srececaare ee ees 
1200 ceca beds ded wea ese ates 


+32 cia wesw ewe eaee s oea eee 
= 325 BANGS 4.6% 6b wes 0 oee ee eewe 
=325 slimes, ee e ° ee 


TABLE 25, = Typical analysis of final concentrate, Wah 
Chang Mining Corp,, Benton Division 


Concentrate Analysis, percent 
Tungsten triLoxides .iccisssscceceeceees 60.48 
Mol YOCOM 55:5 as: 4 Giaw asec ore w se wie oe 8's G28 84 
PROSDPNOEUS ¢ccescectesarweeeee ee meaewes 02 
COPDCD 55069 504041b0 5046 00S aw ewes ness Ol 
S05) ee ee ee ore eee ee ee ee ee 41 
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TABLE 26. - Flotation-reagent consumption and place of addition, 
Wah Chang Mining Corp., Benton Division 


Reagent Place of addition 


SOG4 69066 oss osh sc eeaew ees wareekes 6 eeew Ball mill 

Sodium (Cyanide 66d sicdiee 064600 s 8 oe ewe we Do, 

Sodium: sllicate .s.soe sd b.siis awed owsnwewen No. 1 conditioner 
QUGDraChO 55 scan sos cee do8ssbeie seas eeen Do, 


No, 2 conditioner 

Rougher, stage-fed 

Rougher and 
scavenger 


Oleic (cop ic eee am ae ear en Nr nee ree 


i rrr rere Tere reer eee ee ee er ee 


Frother 77 and blown tall oil (1-1)...... 


No reagents to cleaner circuit 


Minerva Scheelite Mining Co, 


The Minerva Scheelite Mining Co, operates the Chief and Silver Bell mines, 
47 miles south of Ely and 15 miles east of Highway 93 on a gravel road in 
White Pine County, Nev. The ores from the mines are truck-hauled 3 miles 
north to the small Minerva gravity custom mill, capacity, 1-1/2 tons per hour. 
The ore is quartz containing scheelite and calcite, The grade of ore ranges 
from 0.5 to 5.0 percent WO3 and averages nearly 1.5 percent WO3, The concen- 
trates produced from different stages of gravity operation are blended to pro- 
duce a marketable product that contains 65 percent or more WO3. The recovery 
attained at the mill is between 80 and 85 percent of the total tungsten in the 
mill feed, Figure 17 is the flowsheet of the milling operations, 


Crushing and Grinding 


Ore from the mine is truck-hauled to the mill and dumped into a 25-ton 
coarse-ore bin, from which a conveyor feeds the ore to an 8 by 15-inch Joshua- 
Hendy jaw crusher for reduction to l-1/4 inches, The crushed product is dis- 
charged to a bucket elevator for delivery to the fine-ore bin, The fine-ore- 
bin product is fed to a double-deck vibrating screen with l- and 1/4-inch 
screen cloths, The l-inch oversize product is stored in a bin for future hand 
sorting of scheelite-bearing material, The minus-l-inch, plus-1/4-inch prod- 
uct is fed to a 9-1/2-inch Kennedy Van Saum gyratory crusher set at 1/4 inch, 
The crushed product is fed to a 2= by 6-foot Marcy rod mill. The screen 
minus-1/4-inch product joins the rod mill discharge at the elevator and is 
discharged to a l6-mesh trommel screen, The trommel screen oversize returns 
to the rod mill for regrind, and the minus-l6-mesh product is routed to the 
rougher table, 


Table Concentration 
The minus-16-mesh product is fed to a 5= by 15-foot Wilfley table, which 
produces a concentrate, a middling, and a tailing. The tailing flows to waste, 


the concentrate is 70-percent WO3 finished product, and the middling product 
is pumped to a 40-mesh trommel screen, 
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FIGURE 17. - Flowsheet, Minerva Mill, Minerva Scheelite Mining Co. 


The plus-40-mesh screen product is returned to the rod mill for regrind 
and the minus-40-mesh product is fed to a Wilfley slime table, which also pro- 
duces a concentrate, a middling, and a tailing. The slime-table tailing flows 
to waste, the concentrate constitutes a 50-percent WO3 finished product, and 
the middling is fed to a table jig. 


The table jig is an invention of Robert Stopper, owner and operator of 
the Minerva custom mill, and Martin Lensch, mill foreman, It is a rectangular 
pan approximately 4 feet long, 12 inches wide, and 1 inch deep, mounted level 
and equipped with a head motion similar to the head motion for standard con= 
centrating tables, The shaking speed or strokes per minute applied to the 
table jig depend on the particle size of the material being treated, The 
shaking speed is extremely critical for effective concentration, The slime- 
table middling fed to the table jig averages 1.38 percent WO3. The screen 
analysis of the slime-table middling product shows that 6.0 percent of the 
total weight of the material is in the minus-200 plus-325-mesh fraction and 
assays 0.15 percent WO,. Twenty-five percent of the total weight of the mate- 
rial is in the minues325suesh fraction and assays 0,38 percent WO3. With 
proper operation of the table jig, it is possible to recover the fine tungsten 
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in a concentrate assaying 50 percent WO3. Approximately 10 percent of the 
total tungsten in the mill feed is contained in the slime table middling which 
is recovered in the table jig. The table-~jig concentrate is permitted to set- 
tle in the bottom of the table jig while the tailings overflow to waste. When 
enough concentrated material is accumulated in the bottom of the table jig, it 
is scraped out by hand, dried, and blended with the higher grade table concen- 
trate to produce a final concentrate product that assays 65.0 or more percent 
WO3. 


Metallurgical Development Co, 


The mine and mill of the Metallurgical Development Co. are 12 miles east 
of Gardnerville in the Pine Nut district, Douglas County, Nev, Approximately 
50 percent of the ore milled is company ore; the remainder is custom ore from 
the Alpine mine in California and small producers in the vicinity of Rawhide, 
Nev. The ores treated are scheelite, with the associated minerals - calcite, 
garnet, apatite, epidote, pyrite, marcasite, molybdenite, magnetite, powellite, 
and quartz in silicified limestone, mainly tactite, 


The tungsten minerals are concentrated by jigging, tabling, and flotation 
followed by roasting and magnetic separation, The mill treats 75 to 100 tons 
of ore per 24 hours, producing a final concentrate containing more than 60 
percent WO3,. The mill feed averages 0.6 percent WO03, and the tailing 0.04 
percent WO3, giving an overall recovery of more than 90 percent, Figure 18 
is the flowsheet of the milling operations, 


Crushing, Grinding, and Gravity Separation 


The mine and custom ores are truck-hauled to the mill and dumped into a 
hopper-type bin that feeds a 10- by 36-inch Cedar Rapid jaw crusher, The 
crushed ore is elevated and fed into a 6-inch Traylor gyratory crusher set at 
1 inch, The gyratory crusher product is elevated to the fine-ore bin, and 
from there a belt feeder delivers it to a wet elevator, which discharges it 
to a trommel screen with 1/4-inch openings, Oversize goes to a 3- by 8-foot 
Allis-Chalmers rod mill and undersize to an 18-inch Bendelari jig. The jig 
tailings go to a 20-mesh Tyler screen, Oversize from the Tyler screen is re- 
turned to the rod mill for regrind. The rod mill fs in closed circuit with 
the jig. The hutch product from the jig goes to a 6= by 12-foot Daniels di- 
agonal table, The table tailing is returned to the rod mill for regrind. The 
table concentrate goes to a dewatering drag, roaster, and magnetic separation, 


The undersize from the 20-mesh Tyler screen goes to a cone classifier 
that classifies the product into coarse and fine sand products, The coarse 
and fine sands are fed separately to two 6= by 12-foot diagonal tables, each 
table producing a concentrate, a middling, and a tailing. Like products from 
both tables are combined, Middlings are pumped to the rod mill for regrind, 
tailings and the cone slime overflow to the flotation thickener, and the 
concentrates to the dewatering drag. 
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FIGURE 18. - Flowsheet, Metallurgical Development Co. 
Flotation 


The combined table tailings and cone slimes are thickened and the pulp 
fed to a rougher circuit of five 36-inch Denver cells; the feed entering the 
circuit at cell 3, The rougher tailing goes to waste and the rougher concen- 
trate to a 36-inch Denver cleaner, The cleaner tailing is recirculated to the 
head of the rougher circuit and the concentrate to a slime table, The slime 
table concentrate goes to the dewatering drag, and the tailing is returned to 
the thickener, If the slime-table product contains sulfides or is not high 
grade enough to meet specifications, an alternate circuit is used either to 
float sulfides or reclean the concentrate, Reagents used are as follows: 
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One part of tall oil is mixed with two parts of oleic acid and the mix- 
ture fed at the rate of 0.4 pound per ton of ore. Soda ash is added to main-~ 
tain a pH between 9.5 and 10.0 at the rate of 8 pounds per ton, Other re- 
agents stage-fed, in pound per ton, are: Sodium silicate, 0,01; D-40, 0,005; 
ferric sulfate, 0.1; methyl amyl alcohol frother, 0,1. 


Roasting and Magnetic Separation 


The concentrate from the dewatering drag is fed to the roaster without 
prior drying. The roaster, locally designed, consists of a stainless steel 
tube 12 inches in diameter and 17 feet in length, chain-driven at 17 r.p.m. 
and oil-fired, The roasted product passes to a steel bucket elevator that 
feeds a four-pole Dings Wetherill-type magnetic separator, The garnet and 
iron sulfides containing approximately 0.6 percent WO3 are removed as magnetic 
products and stored for future treatment to recover additional tungsten. The 
nonmagnetic product is sacked in LOQ-pound bags for market, Table 27 is a 
typical analysis of the final tungsten concentrate, 


TABLE 27. - Typical analysis of final concentrate, 
Metallurgical Development Co, 


Concentrates Analysis, percent || Concentrates | Analysis, percent 


Tungsten trioxide..... Molybdenum,..... 0.17 
TENG: scsnaeis we eae ewe aeeus Phosphorus,..... Pe ee 
COPPER ssid ee bse ds wate ManganesSe,....e. 09 
ATS CULG ..66054edscwaares LCaGc.Gwewaaees 08 
Antimony...cccccccececs PANG 65:6:6.66o6.05er% 02 


BLSMUCD ica eceeen woes 
Red Hill Custom Mill 


The Red Hill custom mill is 4 miles west of Bishop, Inyo County, Calif. 
The custom ores treated are from various sources and largely from contact 
metamorphic deposits that contain scheelite, garnet, epidote, calcite, pyrite, 
pyrrhotite, chalcopyrite, and quartz, The scheelite is recovered by gravity 
methods, followed by roasting and magnetic separation of the gravity concen- 
trate to produce a marketable product of over 60 percent WO... The grade of 
the custom ore varies, The average is about 0.65 percent WO. The mill 
treats 100 tons of ore per 24 hours at an average recovery of 75 percent. 
Figure 19 is the flowsheet of the milling operations, 


General Milling Practice 


Custom ores from various sources are truck-hauled to the mill, passed 
through an 8=-inch grizzly into an 80-ton coarse-ore bin, then fed to a 10- by 
20-inch Pacific jaw crusher, The crushed product is elevated to a 2= by 4= 
foot Denver Dillon screen having 1/2-inch openings, The screen undersize is 
conveyed to the fine-ore bin, The oversize is fed to a 24-inch Allis- 
Chalmers gyrocrusher in closed circuit with the Denver Dillon screen, 
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FIGURE 19. - Flowsheet, Red Hill Custom Mill. 


An automatic sampling system with triple Snyder cutters samples the 
minus-1/2-inch stream to the fine-ore bin, The cut portion of the first 
Snyder goes to a tumbling barrel, then to the second Snyder cutter. The cut 
portion from the second sampler passes through a 4= by 6-inch jaw crusher for 
reduction to 3/16 inch, The crushed product is then cut by the third Snyder 


for the final sample, The rejects from all sample cutters go to the fine-ore 
bin by way of the elevator, 


The fine-ore bin is equipped with dual feeders, one feeding the ball-mii1l 
circuit and the other the rod-mill circuit. The feeders deliver the ore to 3- 
by 6-foot Cottrell 12-mesh screens, The oversize from the screens goes to the 
2- by 3-foot Straub ball mill or to the alternate 3- by 6-foot Marcy rod mill, 
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both of which are in closed circuit with the screens, The screen undersize 
goes to a pocket classifier. The classified sands are distributed to three 
16-foot Straub rougher tables, each table producing a concentrate, a middling, 
and a tailing. Like products of all three tables are combined with the tail- 
ings going to waste, and the middlings are fed to Wilfley table 4, Middlings 
from table 4 are returned to be reground and the concentrates from all four 
tables are fed to table 5 for recleaning. Tailing and middling from table 5 
are returned to be reground; the concentrate goes to a drier, 


The slime overflow from the pocket classifier is fed to a settling cone, 
then to table 6, which produces a concentrate and a tailing. The concentrate 
goes to the drier and the tailing to waste, 


The dried product is screened into minus~40-, minus-30-, minus-12-, and 
plus-12-mesh products, Each product is stored separately in a four-compartment 
bin, Each sized product is treated separately on a three-pole Stolle magnetic 
separator, The magnetic product is returned to regrind, If the nonmagnetic 
product contains sulfides, it is roasted and retreated on the magnetic 
separator, 


Ajax Tungsten Corp, 


The Benware mill, 6 miles south of Bishop, Inyo County, Calif., is owned 
by the Molybdenum Corporation of America, During 1955 and 1956, the milling 
facilities were leased to the Ajax Tungsten Corp. for the treatment of test 
lots of tungsten ores from its Durham mine in the Darwin district, The mag- 
netic separation section of the mill is also utilized by the Molybdenum Cor- 
poration of America, largely for custom work in cleaning and upgrading concen- 
trates and other products from various mills throughout the United States, 
Canada, and Mexico, 


The ore from the Durham mine is scheelite in tactite containing garnet, 
epidote, pyrite, calcite, and quartz, The scheelite is concentrated by jig- 
ging and tabling, followed by roasting and magnetic separation of the schee- 
lite concentrate, The average mill feed assays 0.70 percent WO3 and the tail- 
ings 0.14 percent WO3, The mill treats 75 tons of ore per 24 hours, 


Crushing and Grinding 


Test lots of ore from the Durham mine are truck-hauled to the Benware- 
mill crushing plant and dumped on a 10-inch-opening grizzly. The minus-10- 
inch product is fed to a 10- by 24-inch Straub Kue-Ken jaw crusher and re- 
duced to 1 inch, The crushed product is elevated to a conveyor belt that 
discharges to the fine-ore bin, The ore from the fine-ore bin is fed to 
another elevator that discharges onto a 2- by 4-foot Denver Dillon screen with 
1/4-mesh screen openings, The screen oversize is fed to a 4- by 5-foot, 
Straub, peripheral discharge ball mill and the undersize to a rougher jig. 
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FIGURE 20. - Flowsheet, Benware Mill, Ajax Tungsten Corp. 
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Jigging, Tabling, Roasting, and Magnetic Separation 


The minus-1/4-mesh Denver Dillon screen undersize is fed to a two-com- 
partment, 14- by 18-inch, Denver duplex jig. The jig bed is equipped with an 
8-mesh screen cloth. The minus-8-mesh jig hutch product is fed to an 8- by 
12-inch Denver simplex jig for cleaning. The cleaned concentrate is a fin- 
ished product. Tailings from the rougher and cleaner jigs to to a 3- by 6- 
foot Straub vibrating screen having 1/8 inch screen openings, The Straub-~ 
screen oversize goes to the ball mill, which is in closed circuit with the 
screen, The screen undersize flows to a settling cone and the unclassified 
cone feed is distributed to two 15-foot Deister Plato and two modified Dunham- 
type tables, each table producing a concentrate, a middling, and a tailing. 
The tailings go to waste, and the middling is pumped to a cleaner table; the 
cleaner-table tailing goes to waste, and the middling is recirculated to the 
cleaner table, The concentrates from all five tables are combined, dewatered, 
and dried in a butane~-gas-fired rotary kiln. The dried concentrate is ele- 
vated to a hopper feeding a 10-inch by 14-foot, externally butane gas-fired, 
revolving roaster, thence proceeds to a tubular aftercooler, then to a three- 
pole Dings crossbelt magnetic separator, The magnetic product is discarded to 
waste and the nonmagnetic product sacked for shipment, 


Union Carbide Nuclear Co, 


The mine, mill, and chemical plant of the Union Carbide Nuclear Co, 
(formerly the U. S. Vanadium Co,), a division of the Union Carbide Corp., are 
approximately 21 miles northwest of Bishop in the Pine Creek district, Inyo 
County, Calif. 


Approximately one-third of the ore treated is custom ore from various 
sources, principally California and Nevada, The ore from the company-owned 
mine usually occurs as tungsten-bearing tactite, Among the identifiable min- 
erals are scheelite, calcite, epidote, fluorite, molybdenite, powellite, gar- 
net, chalcopyrite, bornite, and quartz, The copper and molybdenum minerals oc- 
curring in the company ore are recovered as byproducts in the sulfide flotation 
circuit, The scheelite is concentrated by flotation followed by chemical 
treatment of the low-grade flotation and finishing-table products, 


In addition to the treatment of custom ores, the company purchases low- 
grade concentrates, middlings, magnetic-separator products, and other tun; sten- 
bearing byproducts from various mills throughout Inyo County for chemical 
treatment, 


The mill treats 1,150 to 1,200 tons of ore per 24 hours, producing a 
scheelite product that averages 70 percent WO3. Figure 21 is the flowsheet of 
the milling and chemical plant operations, 

Crushing and Grinding 
The company ore is derived from open-pit and underground operations, 


Primary crushing is performed at the mine, The crushed product is transported 
to the mill by a mile-long aerial tramway, An apron feeder delivers the ore 
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FIGURE 21. - Flowsheet, Union Carbide Nuclear Co. 
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from the mill bin to a 32-inch, Symons, rod-deck vibrating screen with 5/8- 
inch openings. The screen oversize is fed to a 5-1/2-foot, short-head, 

Symons cone crusher, The crushed product and the screen undersize are com 
bined, passed over a weightometer to the sampling plant, and discharged in two 
1,000-ton-each mill surge bins or to an open stockpile, 


Custom ores are delivered to the mill by haulage trucks, They pass over 
a platform scale and are dumped into individual shipper's stockpiles. The ore 
is milled when approximately 200 tons of ore has been accumulated in the stock- 
pile. The stockpile ore is loaded into haulage trucks by a power shovel and 
delivered to a jaw crusher for the primary crushing, thence to the same Symons 
vibrating screen, short-head Symons cone crusher, and sampling plant used for 
the company ore, The crushed product is stored in two 1,000-ton-capacity 
custom ore bins for milling, 


The grinding and flotation circuits consist of four parallel units, Two 
units are used for company ore and the remaining two for custom ore, The ore 
is fed to 6- by 5-foot, Marcy, low-discharge ball mills in closed circuit with 
54-inch Akins classifiers and ground to 75 percent minus-100-mesh, 


Flotation 


The classifier overflow from each grinding unit, which discharges at ap- 
proximately 55-percent solids, goes to the sulfide roughers, which consist of 
ten 32- by 32-inch MS cells, Eight cells are used for the sulfide flotation 
and the last two for conditioning the sulfide flotation tailing before the 
scheelite flotation, The sulfide flotation concentrate goes to the sulfide 
cleaners, which consist of five 32- by 32-inch MS cells for a two-stage clean- 
ing. The cleaner tailings are returned to the sulfide rougher circuit. The 
cleaner concentrate goes to a thickener where it is agitated with steam to 
break down the contained reagents, The thickener underflow is then filtered 
and the filter cake ground in a 3-foot ball mill at 70 percent solids, The 
ground pulp then goes to the molybdenum rougher circuit, which consists of two 
banks of six cells each of 24- by 24-inch MS cells. The first bank produces 
a primary concentrate and the second a scavenger concentrate, The copper is 
depressed with sodium cyanide. The rougher tailing therefore becomes the cop- 
per concentrate, which is filtered, dried, and shipped to a copper smelter, 
The scavenger concentrate is returned to the head of the molybdenum rougher 
circuit, where the molybdenum concentrate is given six stages of cleaning in 
a bank of sixteen 24- by 24-inch MS cleaners, The final cleaner molybdenum con- 
centrate goes to a thickener and is filtered, The filter cake is dried in an 
Edwards=type roaster, The product is marketed as MoS2, The cleaner tailing 
is returned to the scavenger circuit, In the scheelite rougher circuit the 
scheelite is floated in a bank of ten 32= by 32-inch MS cells, The tailings 
from the circuit go to four Deister diagonal pilot tables to recover any 
coarse, unfloated scheelite before disposal of tailing. The rougher concen- 
trate is given a two-stage cleaning in five 32- by 32-inch MS cells. The 
cleaner tailing is returned to the scheelite rougher circuit, The concentrate 
is then fed to a Deister diagonal table to recover coarse scheelite from the 
flotation concentrate, The table tailing and middling are reground in a 3- 
foot ball mill in closed circuit with a Wemco classifier. This finely 
ground product is pumped to a thickener for the chemical treatment. 
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Chemical Treatment Plant 


The chemical treatment process was developed by the U. S, Vanadium Co, 
and is described in U. S. Patent 2,339,888, owned by Union Carbide Corp. A 
brief description of a similar process is contained in the publication, Tung- 
sten, by K, C, Li and C, Y. Wang, American Chemical Society Monograph Series 
94, Basically, the process is a batch operation and is briefly described as 
follows: 


The pulp in the thickener from the reground table tailings and mid- 
dlings is filtered and fed to patented pressure digesters, U. S. patent 
number 2,521,896, owned by the Union Carbide and Carbon Corp., under a 
closely controlled density, Chemicals and steam are added to the diges- 
ters, When digestion is completed, the pulp is filtered and the solution 
clarified, To the clarified solution is added a soluble sulfide to pre- 
cipitate the molybdenum as MoS3, The precipitate is filtered in Sperry 
pressure filters equipped with wooden frames, and the precipitate dried 
and given an oxidizing roast to convert the MoS3 to Mo03. To the result- 
ing filtrate from the Sperry filter is added calcium chloride to precipi- 
tate the tungsten as CaWO,, The precipitated CaWO, is filtered in Sperry 
pressure filters equipped with steel frames and the resulting product 
nodulized in a rotary kiln, The nodulized product is approximately 45 
percent plus-4-mesh, 


Table 28 gives the reagent consumption, table 29 the screen analysis of 
the primary classifier overflow, and table 30 a typical analysis of the 
finished tungsten product, 


TABLE 28, - Flotation-reagent consumption and place of 
addition, Union Carbide Nuclear Co, 


Reagent Place of addition 
SOGA ASD. sswis 000s seseciweseeeees 2.0-3.0 Ball mill 
Kanthate 301. wrcccscccsscccccese .05-0.1 Do. 
Pine (Ol: oc.cesa cies a wiees ee ae welees -05-0.1 Sulfide rougher 
Sodium silicate.....cccscccccece 1.0-1.5 Do, 
Reagent 710 (American Cyanamid)., 1.0-1.5 Stage-fed scheelite rougher 


Copper-molybdenum separation: Sodium cyanide, kerosine, and heptonal frother 


TABLE 29. = Screen analysis of primary classifier overflow 
Union Carbide Nuclear Co, 


Weight~ Distribution, percent 
Mesh percent |" wos [wo _[ cu | wog | wo “| cu 


PMO aie dua aorg bene eee ieee 0 9 3.3 
OD iviewew ewes cee kweus 2 8 4.7 
tLOO os sears cos Geeewaune ce 3 4 6.5 
$150 fo sdctesewoes a euees 5 4 7.9 
EL2UO ois a ouecens ee eereteGienececd 0 1 11.0 
+532) oe wees siete e beuwa 1 0 11.3 
B52) saeiee Meee seen ewes 3.8 4 55.3 

TOCA inches cnges St 100.0 
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TABLE 30. - Typical analysis of scheelite concentrate, 


Union Carbide Nuclear Co, 


Concentrate Analysis, percent |] Concentrate | Analysis, percent 


Tungsten trioxide.., Tin ccccccsccccees Trace 
COppeT ssh seeeeeescs Antimony....c.sccces 0.015 
Phosphorus, .cccecce ManganeSe..ecccces Trace 
Arsenic, .cccccsccce SULEUY. 46-c0sseeees - 300 
Molybdenum, ........ Loss on ignition 1,000 


El Diablo Mining Co, 


The El Diablo custom mill is 4 miles west of Bishop, Calif. The ores 
treated are largely tactite, containing scheelite, epidote, apatite, calcite, 
garnet, pyrite, quartz, and minor amounts of copper minerals, The scheelite 
is concentrated by tabling, followed by roasting and magnetic separation of 
the table concentrates, The grade of the ores treated varies considerably and 
may range from 0.35 to 5.0 percent WO3, The mill treats 50 tons of ore per 24 
hours, Figure 22 is the flowsheet of the milling operations, 


General Milling Practices 


Custom ores are truck-hauled to the crushing=-plant coarse-ore bin, They 
are fed to a 10- by 24-inch Pacific jaw crusher and the crushed product ele- 
vated to the fine-ore bin, which is fed to an 18-inch Symons disk crusher for 
the secondary crushing. The secondary product is then fed to a Symons 12-mesh 
vibrating screen. The screen oversize is fed to a ball mill, and the screen 
undersize goes to a bucket elevator, which discharges to a 3/l6-inch trommel 
screen. The plus-3/16-inch product goes to the ball mill, which is in closed 
circuit with a trommel screen, The minus-3/l6-inch product is fed to another 
trommel screen having 3/64-inch openings. The plus-3/64-inch product goes to 
table 1 for concentrating, and the minus-3/64-inch product goes to a two- 
spigot hydraulic classifier. The two spigot products are fed separately to 
tables 2 and 3, The hydraulic classifier overflow is fed to another hydraulic 
Classifier, and the sands from this classifier are fed to table 4, The over- 
flow goes to a 6<foot cone and the contained solids to table 5, The cone 
overflow goes to waste, All the tables are of the 12-foot Dunham Economy 
type. The tailings from all the tables are discarded to waste, The combined 
middlings go to regrind and the combined concentrates to a drier. If the 
dried concentrate contains sulfides, the concentrate is roasted in preparation 
for magnetic separation. A three-pole, 18-inch Stolle magnetic separator is 
used to make a 60-percent or more WO3 product, The magnetic rejects are 
either returned to the shipper or discarded, depending on the shipper's wishes, 


Round Valley Tungsten Co, 


The Round Valley Tungsten Co. mill is 4 miles southwest of Bishop, Inyo 
County, Calif. The ore from the Round Valley mine is truck-hauled to the 
mill. The ore is tactite containing scheelite, epidote, garnet, zinc and cop- 
per minerals, pyrite, and quartz. Following flotation to remove sulfides, the 
scheelite is concentrated by tabling, roasting, and magnetic separation. The 
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which it is conveyed to a l6- 
‘ mesh vibrating screen, The 
FIGURE 22. - Flowsheet, El Diablo Mining Co. minus-16-mesh product goes to 
two conditioners in series 
for sulfide flotation, The plus-l6-mesh product goes to a 3=- by 4-foot Straub 
peripheral-discharge ball mill, which discharges into an elevator in closed 
circuit with the vibrating screen, Concentrate from the sulfide flotation 
that contains pyrite, copper and zinc minerals, and small amounts of gold and 
silver, is stored for future treatment. Tailing from the sulfide float goes 
to a four-spigot hydraulic classifier whose first three-spigot products con- 
stitute the sands that are fed separately to one Wilfley and two Deister 
tables, The fourth spigot product, which constitutes the slimes, is fed to 
two Dunham Economy slime tables, Tailings from all five tables go to waste. 
Middlings from the first three tables go to Wilfley table 6. Middlings and 
slimes from the two slime tables are stored for shipment. Tailing from table 
6 is returned to the ball mill for regrind, and the concentrate from all the 
tables go to a drier, and, if necessary, to roasting before magnetic separa- 
tion, The roasting is conducted in a rotary kiln externally heated with 
butane gas and automatically controlled at any desired temperature, After 
cooling the roasted product goes to a vibrating screen and is separated into 
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FIGURE 23. - Flowsheet, Round Valley Tungsten Co. 
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plus-and-minus-40-mesh products, Each product is treated separately on a 
three-pole, Stolle-type magnetic separator, The nonmagnetic product is sacked 
and marketed; and the magnetic product, with the slimes and middlings men- 
tioned above, is shipped to the Union Carbide Nuclear Co, as a byproduct, 


New Idria Mining and Chemical Co, 


The Strawberry mine and mill, operated by the New Idria Mining and Chemi- 
cal Co., Fresno, Calif., is approximately 2 miles northwest of Clover Meadow, 
It is reached by 31 miles of mountain road from Bass Lake, which is 70 miles 
northeast of Fresno, Calif., on Highway 41, The ore is truck-hauled from 
three company deposits, The ores in the area are usually tungsten-bearing 
tactite from contact-metamorphic deposits whose principal minerals are schee- 
lite, garnet, apatite, epidote, molybdenite, powellite, pyrite, pyrrhotite, 
sericite, quartz, and calcite, The molybdenite content of the ore varies ap- 
preciably in the three deposits, The tungsten mineral is concentrated by 
tabling and flotation, followed by roasting and magnetic separation of the 
gravity concentrate, The mill treats 125 tons of ore daily, producing a final 
gravity concentrate containing 68 to 69 percent WO3 and a flotation concen- 
trate containing 25 to 30 percent WO3. The average mill feed assays 0.80 per- 
cent WO3, the flotation feed 0.31 percent W03, and the combined tailing 0.12 
percent WO3, The flotation feed constitutes 66.5 percent of the total mill 
feed, and the grind is approximately 3.3 percent plus-1l00-mesh, Figure 24 is 
the flowsheet of the milling operations. 


Crushing and Grinding 


The ores from the three company deposits are truck-hauled to an ore bin 
near the mill. The ore from the bin is hand-trammed in mine cars to a hopper 
at the crushing plant; a hand-controlled feeder conveys the ore to a 10- by 
20-inch Alloy jaw crusher, The crushed product is fed onto an Overstrom 14- 
by 36-inch screen, The minus-3/4-inch screen product is conveyed to the fine- 
ore bin, while the plus-3/4-inch product is fed to a 22-inch, Symons cone 
crusher and the resulting crushed product conveyed to the fine-ore bin, A 
vibrating feeder delivers the ore from the fine-ore bins to a bucket elevator, 
which elevates the ore to a 2= by 6-foot Link Belt vibrating screen, equipped 
with a 10-mesh screen cloth, The plus-10-mesh product goes to a 5= by 4-foot 
Eimco ball mill, The ball mill is in closed circuit with the bucket elevator 
and Link-Belt screen, The minus-10-mesh product is pumped to screen 2, which 
has an 18-mesh screen cloth, The plus-18-mesh product is returned to the ball 
mill for regrind, and the minus-18-mesh product goes to a five-spigot Concenco 
hydraulic classifier, The classifier overflow goes to a 26=- by 8-foot 
thickener, 


Gravity Separation 


The first three spigot products of the hydraulic classifier are fed sepa- 
rately to the first three rougher tables; the fourth and fifth spigot products 
are combined and fed to table 4, Table 1 is a Deister diagonal, table 2 a 
Deister Plato, and tables 3 and 4 Wilfley tables, all 6=- by 14-foot, Each 
table produces a concentrate, a middling, and a tailing. The tailing flows to 
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FIGURE 24. - Flowsheet, Strawberry Mill, New Idria Mining & Chemical Co. 
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waste, the combined middling to regrind, and the combined concentrate to a 
Wilfley cleaner table, The cleaner table tailing and middling product are 
returned to the ball mill for regrind, and the concentrate goes to a tank 
from which it flows to a dewatering drag in preparation for roasting and 
magnetic separation, 


Flotation 


Aeroflox 3000 at the rate of 0.035 pound per ton of solids is added at 
the overflow discharge of slime and fine sands of the hydraulic spigot classi- 
fier, The pulp then flows by gravity to a 26- by 8-foot thickener, The thick- 
ener overflow goes to a steadyhead tank and combines with fresh makeup water 
to supply steady headwater to the hydraulic spigot classifier. The thickener 
underflow is pumped at 35=-percent solids with a 3-inch Denver diaphragm pump 
to No, 1 conditioner, to which soda ash is added at the rate of 0.96 pound per 
ton of solids to maintain a pH of 10.1, and 2.32 pounds of sodium silicate per 
ton of solids, The conditioned pulp then passes to conditioner 2; 0.19 pound 
of Quebracho, 0.05 pound of Aerosol 18, and 0.63 pound of 1-1 blown tall oil- 
oleic acid mixture are added per ton of solids. The conditioned pulp then goes 
to four 36-inch Galigher rougher cells. At the head of the rougher cell is 
added 0.12 pound of Aerofroth 77; at the third cell is added 0.12 pound of 
blown tall oilroleic acid mixture and 0.05 pound of Aerofroth 77 per ton of 
ore, The rougher tailing goes to waste, The concentrate is fed into the 
third cell of a bank of six 22-inch Denver cleaner cells; 0.96 pound of sodium 
silicate per ton of ore is added at the third cell, and 0.04 pound of Quebracho 
per ton of ore is added at the final cleaner cell. The froth from the first 
three cleaners is combined and fed to cell 4; the froth from cell 4 is fed to 
cell 5 and then to cell 6, The cleaner tailing is returned to conditioner 2, 
The cleaner concentrate goes to a dewatering cone; then to a pan filter, The 
filtered concentrate containing 8 to 10 percent moisture is sacked in 100- 
pound bags for shipment. The total reagent cost is approximately 35 cents per 
ton of ore milled, 


Roasting and Magnetic Separation 


The roaster is of the rotary-kiln type 30 inches in diameter and 16 feet 
long, oil-fired, The dewatered table concentrate is dried and roasted while 
passing through the kiln. A cyclone is provided to collect the flue dust, 
The fine flue-dust product, which averages 25 to 28 percent WO3 is shipped 
“as is." After cooling, the roasted product is fed to a three-pole Dings 
Wetherill-type magnetic separator, The first pole removes the iron sulfides 
that are discarded to waste, The second and third poles remove the garnet, 
The garnet product contains approximately 2 percent W03 and is returned to the 
flotation circuit for further treatment, The scheelite concentrate averages 
68 to 69 percent WO3. This concentrate is sacked in 100-pound bags for 
market, 


Table 31 is a typical analysis of the final table concentrate, 
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TABLE 31. - Typical analysis of final table concentrate, Strawberry 
mine, New Idria Mining and Chemical Co, 


Concentrate Analysis, percent {| Concentrate | Analysis, percent 


Tungsten trioxide.... Phosphorus,.... 0.03 
TI 6464sG660060064468 Sulfur...ccccce 14 
COpper.ccccccccccccce Manganese,...... .07 
ATSONLC: 665660660046 Lead» isicsdeccs 01 
Antimony...cccccccece ZINC 54 s:saeek ews 01 
Bismuth, ..cccccccccce 1 oo): Pare ree 49 


Molybdenum,.....ccccess 


Tulare County Tungsten Mining Co, 


The Tulare mill of the Tulare Tungsten Mining Co. is 18 miles east of 
Lindsay, Tulare County, Calif. The ore from the mine is truck-hauled 1 mile 
to the mill. The ore is identified as tactite, containing scheelite, garnet, 
epidote, calcite, quartz, and minor amounts of sulfides, The scheelite is 
concentrated by tabling, followed by roasting and magnetic separation of the 
scheelite concentrate, The mill treats 100 tons of ore per 24 hours, The 
mill treats 100 tons of ore per 24 hours, The mill feed assays 0.35 to 0.40 
percent WO3. The tailing assays 0.1 percent or less WO3, Final scheelite 
concentrate assays 65 to 72 percent WO3 at 75 to 80 percent recovery, Figure 
25 is the flowsheet of the milling operation, 


Crushing and Grinding 


The ore from the mine is truck-hauled 1 mile to a ramp at the mill and 
dumped into a 40-ton-capacity coarse-ore bin, A shaking grizzly with l-inch 
openings feeds the ore from the bin to a 10- by 20-inch Pacific jaw crusher, 
The grizzly undersize and the crushed product join at an elevator that dis- 
charges the combined products to the fine-ore bin. A belt feeder conveys the 
ore from the fine-ore bin to a 12- by 36-inch Allis-Chalmers roll. The roll 
discharges the product to an 8-mesh trommel screen. The screen oversize is 
fed to a 3- by 4-foot Herman ball mill, The ball-mill discharge and screen 
undersize flow to a common sump that feeds a 2-inch Wilfley pump, and the com- 
bined products are pumped to a four-spigot hydraulic classifier, 


Gravity Concentration 


The four-spigot products from the hydraulic classifier are fed separately 
to four Deister Plato tables. The classifier overflow is fed to two slime 
thickening cones, The underflow from each cone is fed to tables 5 and 6, The 
overflow from both cones is conserved for mill-wash water. 


All the tailing product from table 1 and an 18-inch cut from the tailing 
of table 2 are returned by an elevator to the ball mill for regrind. Other 
table tailings are discarded to waste, 


An 18-inch cut from the middling product from tables 3, 4, 5, and 6 flows 
to a 2-inch Wilfley pump and is pumped to the hydraulic classifier for 
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FIGURE 25. - Flowsheet, Tulare Mill, Tulare County Tungsten Mining Co. 


recirculation, The concentrate from all six tables is collected in boxes in- 
stalled at the end of each table, whence the concentrate is shoveled into a 
wheelbarrow and wheeled to the drying room in preparation for drying, roast- 
ing, and magnetic separation, 


Magnetic Separation 


From the drier the product is fed to an elevator which discharges to a 
hopper feeding a three-pole Stolle magnetic separator, An iron product is 
removed at the first pole and garnet at the second and third poles, The 
scheelite-containing garnet is fed to a small Deister shaking table, The 
table produces a scheelite concentrate, which is returned to the drier; a 
middling product, which is returned to the ball mill for regrind; and a gar- 
net concentrate, which is discarded to waste. The nonmagnetic product, as- 
saying 65.0 to 72.0 percent W03, is packed in cans and shipped to market, 
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surcease Mining Co, 


The Surcease Mining Co, is engaged in mining and two milling operations, 
plus gravity concentration of hand-picked ore from the washing plant. Its 
flotation plant (at Red Mountain on Highway 395, San Bernardino County, Calif.) 
is treating a reserve of 50,000 tons of scheelite-bearing tailings from past 
operations, Its washing plant, approximately one-half mile east of Atolia in 
the vicinity of Red Mountain, is treating 300 to 400 cubic yards of open-pit 
placer and hard rock material daily by jigging the minus-3/4-inch product at 
the plant site and treating the hand-sorted oversize product at the gravity- 
concentration plant, 


The placer ore and tailings are characterized as quartz-monzonite contain- 
ing scheelite, magnetite, lime, apatite, and pyrite, The flotation plant 
treats approximately 140 tons of tailings per 24 hours by gravity and flota- 
tion methods, achieving an average recovery of 72 percent, The average tail- 
ing mill feed assays 0.32 percent WO3 and the tailing, 0.09 percent WO3. 

More than 70 percent of the values in the millfeed are in the minus-325-mesh 
product. The magnetite in the flotation and gravity concentrates is recovered 
by low-intensity magnetic separation, The lime and phosphorus are removed 
from the concentrates by a two-stage hydrochloric acid leaching process, 

Some concentrates are shipped to the Molybdenum Corporation of America at 
Bishop, Calif., for upgrading by high-intensity magnetic separation, Figure 
26 is the flowsheet of the milling operations, 


Flotation-Plant Tailing Treatment 


Grinding and Gravity Concentration 


The tailings, loaded into trucks by a skip loader, are hauled 3 miles to 
the mill hopper. From the hopper the material is fed onto a shaking screen 
having 3-inch-square openings. The screen oversize is discarded to waste, 

The undersize is fed to a conveyor belt that delivers the product to a 150-ton- 
capacity ore bin. A belt feeder delivers the ore from the bin to another con- 
veyor belt, which feeds a 4- by 4-foot Denver ball mill that acts mainly as a 
repulper, The ball mill discharges to a 42-inch Akins classifier. A 2-inch 
Wilfley pump delivers the classifier overflow to an 8=- by 10-foot No. condi- 
tioner, The classifier sands are split into two portions, One-half returns 
to the ball mill for regrind, and the other half is fed to a Wilfley table 
that produces a concentrate, a middling, and a tailing, The table middling 

is returned to the ball mill for regrind; the tailing is fed to a dewatering 
drag. The dewatering drag overflow is fed to the ball mill, and the sands 

are discarded to waste, The concentrate, which assays approximately 12 per- 
cent WO3 contains appreciable magnetite and other impurities, The magnetite 
in the concentrate is recovered by low-intensity magnetic separation and is 
discarded, The remaining nonmagnetic product is sacked and shipped to the 
Molybdenum Corporation of America for upgrading to a marketable product by 
high-intensity magnetic separation, 
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FIGURE 26. - Flowsheet, Tailing and Open-Pit Ore-Treatment Plants, Surcease 
Mining Co., Red Mountain, Atolia, Calif. 
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Flotation 


The Akins classifier overflow pulp in conditioner 1 flows by gravity to 
conditioner 2; the conditioned pulp is fed to two 44-inch Fagergren rougher 
cells, The rougher tailings are fed to three No, 18 Denver scavenger cells, 
while the scavenger tails are routed to waste. The concentrates from the 
rougher and scavenger circuits are fed to eight No. 15 Denver cleaner cells 
for a three-stage countercurrent cleaning, The rougher concentrate enters the 
cleaner circuit at cell 4; the scavenger concentrate enters at cell 7, The 
cleaner tailing is returned to the head of the scavenger circuit, The final 
concentrate, which assays 3.5 to 4.0 percent W03, flows to a l-inch Wilfley 
pump that delivers it to a surge tank, from which it flows to another l-inch 
Wilfley pump for delivery to a 2-foot porcelain cyclone, The cyclone over- 
flow, used as reclaimed water, flows to a storage pond; the cyclone underflow 
is fed to a 4- by 6-foot conditioner in which the pulp is conditioned with 
aluminum sulfate to destroy the effects of flotation reagents before the pulp 
is tabled. The conditioned pulp is fed to a Dunham Economy shaking table. A 
l-inch Wilfley pump delivers the table concentrate to a 2-ton cone in prepara- 
tion for the acid leach, At this stage the WO3 content of the concentrate in 
the cone is between 35.0 and 40.0 percent WO3, and the tailings between 1.5 and 
2.0 percent, Recovery of WO3 is 50 to 55 percent. The table tailing is 
routed to waste by way of a specially constructed tailing launder. The tail- 
ing launder is 130 feet long, made up of 10-foot sections, 12 inches wide, 

The bottom of each section is lined with burlap, and the sections are assem 
bled in stepdown fashion, In this manner, approximately 10 percent of the 
total scheelite in the mill feed is recovered in a product that averages 57.0 
percent WO3. The scheelite product is permitted to accumulate in the bottom 
of the sectional launders to a depth of one-half inch, which usually requires 
5 days. The bottom of the launders is then hand-scraped to recover the 
scheelite product, 


Acid Leaching 


The table concentrate flows by gravity from the 2-ton cone classifier to 
a 6- by 6-foot, rubber-lined, acid-leaching tank for stage leaching in two 3- 
hour cycles, In the first-stage leaching cycle, hydrochloric acid is added 
until the pulp reaches a pH of 2.0. This usually requires 1 pound of acid per 
pound of concentrate, The concentrate is leached for 3 hours to dissolve the 
calcite, The resulting calcium chloride solution is removed by decantation 
and the residue given one water wash, In the second-stage leaching cycle, 
20-percent hydrochloric acid is added and the concentrate leached 3 hours to 
dissolve the apatite, The phosphorus-bearing solution is removed by decanta- 
tion and the residue given five water washes, The washed concentrate product 
is then transferred to a pan filter and the filtered concentrate product dried 
in a gas-jet screw drier. After cooling, it is sacked for shipment, The 
leached product assays 50,0 to 60.0 percent WO3., 


Open=-Pit Placer Ore Treatment 
The ore from the open-pit deposit is loaded into trucks by power shovels 


and hauled 1-1/2 miles to the treatment-plant patio stockpile, The stockpiled 
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ore is passed over a l6-inch grizzly and the undersize fed to an 18- by 32-inch 
Telesmith jaw crusher, The oversize product is blasted with dynamite and then 
passes through the same grizzly. A 24-inch conveyor delivers the crushed 
product to a 5= by 14-foot trommel screen, The front section of the screen 
consists of a steel plate with 3/4-inch punched holes, The back section has 
2-inch punched holes, The minus-3/4-inch product goes to a 6-inch Wilfley 
pump and is pumped to a distributing box that feeds four 42- by 42-inch, Pan 
American, hutch-type, rougher jigs. The plus-3/4-inch, minus-2-inch product 
goes to a conveyor belt stacker, At the feed end of each conveyor stacker is 
a dark room equipped with ultraviolet lamps to facilitate the handpicking of 
scheelite-bearing ore as the material is conveyed to waste at the discharge 
end of the stacker, The handpicked product is truck-hauled to the gravity 
concentration plant for further crushing and table concentration, 


The minus-3/16-inch hutch product from the rougher jigs is fed to an 
Ainlay bowl, where small quantities of free gold are recovered, The combined 
rougher jig tailings go to waste. The gold-free hutch product from the Ainlay 
bowl flows to a 2-inch Denver vertical pump and is pumped to a 42-inch Pan 
American hutch-type cleaner jig. The cleaner jig produces a tailing that is 
discarded to waste and a hutch product that is fed to a 30-mesh trommel 
screen, The screen oversize product goes to the gravity-concentrating plant 
for table concentration and the undersize to a pulsating jig. The tailing 
from the pulsating jig is returned to the head of the cleaner jig, and the 
hutch product to low-intensity magnetic separation to remove the contained 
magnetite, Then the product goes to tabling to remove the apatite. The hutch 
product from the pulsating jig contains an approximate 4 percent W0O3. Low=- 
intensity magnetic separation upgrades the product to 20 percent W0O3; tabling 
raises it to 40 percent WO3. The 40-percent concentrate product is then 
shipped to the Molybdenum Corporation of America plant at Bishop, Calif., for 
high-intensity magnetic separation treatment to upgrade the product to 60 per- 
cent or more WO,. Table 32 shows the flotation-reagent consumption and place 
of addition, and table 33 a typical screen analysis of the flotation tailing. 


Tungsten Mining Corp, 


The Hamme mill of the Tungsten Mining Corp. is 16 miles north of 
Henderson, Vance County, N, C. The tungsten deposits are hubnerite<quartz 
veins, They occur as irregular, discontinuous veins or lenticular bodies in 
the several shear zones, The principal tungsten mineral is hiibnerite, which 
is accompanied by a minor amount of scheelite, Quartz is the dominant gangue 
mineral, with subordinate amounts of fluorite, rhodochrosite, and sericite. 
Pyrite is the predominant sulfide mineral found in the ore, It is accompanied 
by smaller amounts of chalcopyrite, galena, sphalerite, and tetrahedrite,. The 
occurrence of molybdenite is extremely rare. The mill has been expanded to 
treat 900 tons of ore per 24 hours, 


Precautions are taken to minimize production of slimes, because of the 
friable nature of the tungsten minerals contained in the hard, white quartz 
matrix, Screening or classification follows each crushing or grinding stage, 
Briefly, the milling practice is to concentrate the prepared ore by jigging 
and tabling and to clean the concentrates by sulfide flotation and magnetic - 
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separation. Accumulated slimes from classifiers and cone classifiers are 
separately treated on Denver-Buckman tilting-deck tables as described more 
fully under the heading Slime-Treatment Section, Figure 27 is the flowsheet 
of the milling operations, 


TABLE 32. - Flotation-reagent consumption and place of 
addition, Surcease Mining Co, 


Flotation circuit, 
Reagent pounds per ton Place of addition 


SOGA 450.6 skies sveeses 18 .0-20.0 Ball mill 
Caustic soda...cccccce 1,.0=-2.0 Classifier 
Sodium silicate....... 3.0 Do. 
Sodium silicate....... 2.0 Conditioner 1 
PalCOt ansi.6siviesecs seks so Do, 
Reagent 710....ccccoce 3 Do. 
Sodium cyanide........ ae Conditioner 2 
Oleic: acid. sic cccects my | Do. 
Aerosol 18.....cccccce gz Classifier 
Oleic acid...cccccccee 1 No, 1 rougher cell 
Reagent 710... ..ccccces 2 Do. 
Do a2 No, 1 scavenger cell 
Reagent per ton of concentrate | Place of addition 
Aluminum sulfate...... 30.0 Table conditioner 
PalCOtan sos. 6<00<aeiss o Do. 
Sodium silicate,.,.... 29 Do 


TABLE 33, - ical screen analysis of flotation tailin 
Surcease Mining Co, 


Weight- Analysis, percent Distribution of 
Mesh percent W03 W03, percent 


OF isin neeeees 3.6 
OO eweceicneses 6.2 
150 scssecéacwews 6.3 
200 cides eccewsres 3.3 

$9295 66 626 we es 3.4 
2352) dees se 77,5 


Crushing Section 


Ten-ton-capacity Ford trucks deliver the ore from the mine to a 150-ton 
steel bin, equipped with a 12-inch grizzly, The bin discharges through a sin- 
gle opening controlled by a No, 5 Ross chain feeder onto a 36-inch conveyor 
belt equipped with a Dings electromagnetic head pulley to remove tramp iron, 
The conveyor belt discharges onto a short-sloping, 1-3/4-inch grizzly; the 
fines drop to a 30-inch conveyor belt. The oversize product falls into an 18- 
by 36-inch Birdsboro-Buchanan jaw crusher set at 1-3/4 inches, The crushed 
product joins the grizzly fines on the 30-inch conveyor, The 30-inch conveyor 
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FIGURE 27. - Flowsheet, Hamme Mill, Tungsten Mining Corp. 
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discharges the combined products to a 300-ton, circular, steel storage bin, 
The 300-ton storage bin is discharged through four 16-inch square openings by 
two double-acting reciprocating pan feeders, Only one feeder is normally in 
operation at a time, Ore from these feeders is discharged onto a 24-inch 
horizontal conveyor that in turn discharges onto a 20-inch incline conveyor, 
This conveyor transfers the ore to two additional, 22-inch, inclined conveyors 
that deliver the ore to a 26- by 60-inch Robins-Eliptex vibrating screen 
having 1/2- by 1/2-inch screen openings. The plus-1/2-inch screen product is 
fed, through a chute, to a 3-foot, short-head, coarse-bowl, Symons cone 
crusher, set at 3/8-inch,. The crusher discharge is returned to the Robins- 
Eliptex vibrating screen by the same two 22-inch conveyors that feed the ore 
from the 300-ton ore bin to the Robins-Eliptex screen. The minus-1/2-inch 
screen product goes to a shuttle conveyor operating over a 600-ton-capacity, 
suspension bunker fine-ore bin by two 18-inch inclined conveyors operating in 
series, The shuttle conveyor travels on a track with automatic reversing 
equipment at each end of the 46-foot-long bin. Automatic reversal of the con- 
veyor belt also takes place concurrently with reversal of the carriage on the 
track. In this manner, uniform distribution of the ore is attained over the 
entire Length of the bin. 


Gravity-Concentrating Section 


The ore in the 600-ton fine-ore bin is fed uniformly to two parallel 
grinding and sand-concentrating circuits by 11 Stephens-Adamson 12- by 16- 
inch, open-type, rotary pan feeders spaced equally along the 46-foot length of 
the bin. Two conveyors carry the ore to a common chute under the center of 
the fine-ore bin, where it is transferred to a 20-inch inclined conveyor belt. 
The inclined conveyor belt is equipped with a Merrick-type S weightometer. 


A Geary-Jennings automatic sampler, at the head pulley of the weightonm- 
eter belt, cuts a sample of the mill feed every 2 minutes, The sample is pre- 
pared in a small sample mill consisting of a pan feeder, three small conveyors, 
a 4- by 6-inch laboratory jaw crusher, a set of 10- by 6-inch laboratory rolls, 
@ S-inch-belt bucket elevator, a 14- by 36-inch Stephens-Adamson vibrating 
screen with anQ.1l-~inch screen opening, and another Geary-Jennings sampler, 
The final sample weighs about 25 pounds, 


Following the first automatic sampler, a splitter cuts the mill feed into 
two equal parts; one part for each parallel circuit. Each part is fed to an 
18-inch-belt bucket elevator by a 20-inch belt conveyor, Each elevator has a 
40-foot lift and discharges onto two 4- by 4-foot Hum-mer vibrating screens 
with 1/8-inch-opening screen sections. 


The plus-1/8-inch product flows by gravity to two 4- by 6-foot Marcy and 
peripheral discharge rod mills that are in closed circuit with the two Hum-mer 
screens mentioned above by way of the two 18-inch-belt bucket elevators, The 
minus-1/8-inch product flows by gravity to four 36- by 36-inch Bendelari jigs 
operated in parallel. Approximately 40 to 45 percent of the total tungsten- 
mineral recovery in the mill is made by these jigs. The dewatered jig hutch 
and bed products are fed into a screw-conveyor heat-lamp drier, The drier is 
equipped with eighty 375-watt lamps and can dry 0.3 ton of concentrate per 
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hour, The dried product is discharged into a bucket elevator, which raises it 
to a steel storage bin for magnetic separation, 


The jig tailing flows by gravity to two 5-inch Wilfley sand pumps, which 
discharge onto two-pan repulping 4- by 8-foot Hum-mer vibrating screens that 
have 0.07-inch-opening screen sections. The screen oversize flows to the rod 
mills, The ground pulp from the rod mills flows by gravity to the 18-inch- 
belt bucket elevators that return it to the 1/8-inch screen, 


The minus-0.07-inch product flows by gravity to two 4-inch Wilfley sand 
pumps, discharge into two 4- by 25-foot Denver rake classifiers, The rake- 
classifier sands flow by gravity to two eight=-spigot Concenco hydraulic classi- 
fiers, The first coarse-sand spigot products flow to two 12- by 12-inch 
Crangle pulsating jigs. The jig tailing flows by gravity to the first sand 
tables of the two sand sections, The Crangle-jig concentrate is combined with 
the Bendelari-jig concentrate for dewatering, drying, storage, and magnetic 
separation, The remaining 14-spigot products of the two hydraulic classifiers 
flow by gravity to 14 sand concentrating tables that comprise 11 Deister No. 6, 
2 Wilfley No. 6, and 1 Wemco table, 


The first sand table of each section produces a concentrate that is 
pumped to an 8= by 8-foot steel storage bin in preparation for the sulfide 
flotation, a sulfide middling that is returned by gravity to the 18-inch belt 
bucket elevator feeding the screen and the Bendelari jig, a sand middling that 
is pumped to the rod mill for regrind, and a tailing that is sampled and dis- 
carded to waste, 


The remaining four sand tables of each section produce a concentrate 
(which is pumped to the sulfide-flotation storage bin), a middling (which is 
pumped to the rake classifier), and a tailing (which will join the other table 
tailings now discarded to waste). 


The combined overflow of the rake and hydraulic classifiers is fed to 
four 8-foot cone classifiers operated in parallel, Each cone underflow is fed 
to a Deister No, 6 diagonal deck concentrating table, The table concentrate 
is pumped to the sulfide-flotation storage bin. The middling is returned to 
the rake classifier in both sections, and the tailing joins other tailings for 
disposal to waste, 


Slime-Treatment Section 


The overflow from the four 8-foot cone classifiers of both sand sections 
unites and goes to three 20-inch centriclones, The centriclones underflow 
contains approximately 90 percent of the plus-15-micron size particles, They 
are fed to eight Denver-Buckman tilting-deck tables, Each table has five 6= 
by 6-foot decks covered with flat, dimpled-rubber covers, The tables are fed 
with the decks at a low angle of slope for about 6 minutes; the decks then 
tilt to a steep slope in the opposite direction. At that time the decks are 
automatically washed clean with water sprays. The washing time is approxi- 
mately 45 seconds, The decks are then returned to their normal position, 
and the cycle is repeated, 
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The tailings from the eight Denver-Buckman tables flow by gravity to a 
Geary-Jennings automatic sampler, thence to the main tailing launder through 
the main sampler and to waste, The combined concentrate from these tables is 
pumped to a 10-foot cone. The cone overflow is returned to the centriclones 
and the underflow pumped to two Denver-Buckman cleaner tables, which produce 
a concentrate to be upgraded on a Deister No, 6 slime table, The concentrate 
thus produced goes to the sulfide-flotation storage bin, The tailing from the 
Deister table is returned to the cleaner tables, and the tailing from the 
cleaner tables is recleaned on two Deister No. 6 slime tables that produce a 
concentrate for sulfide flotation, a middling for recleaning, and a tailing 
which is returned to the eight rougher tables, The centriclone overflow, 
which consists largely of minus-15-micron particles, flows by gravity to a 30- 
foot thickener and thence to a 24-foot thickener of equal volume, for further 
removal of solids that are pumped to the eight Denver-Buckman tilting-deck 
tables to join the centritlones' underflow, 


Sulfide-Flotation Section 


The sulfide-flotation circuit includes a 24-hour capacity steel storage 
bin, a 3- by 3-foot conditioner, and four Denver No, 18 Sub-A flotation cells, 
The combined gravity concentrate stored in the bin normally assays 25 to 30 
percent sulfur and 20 to 25 percent WO., The sulfide concentrate product 
contains about 0,05 percent WO3, and che sulfide flotation tailing (tungsten 
concentrate) 45 to 50 percent WO3 and about 3 percent sulfur, Following the 
flotation of sulfide minerals, the tungsten-concentrate product is dewatered 
in an Esperanza-type classifier, the overflow of which is pumped to a 9- by 
6-foot thickener, The thickener underflow is fed to a 3- by 6-foot Dorrco 
filter, along with the dewatered concentrate from the Esperanza classifier, 
The thickener overflow goes to another 24-foot thickener, 


The filter cake discharges into a duplex-screw conveyor drier equipped 
with eighty 375-watt-each heat lamps .:uspended directly above the screws. The 
dried concentrate is discharged into the same elevator used for the jig con- 
centrate and stored in a steel bin for magnetic separation, 


Magnetic Separation Section 


The combined concentrates in the steel storage bin are fed to a 2- by 2- 
foot, double-deck, Hum-mer vibrating screen equipped with a 0,09-square-inch 
opening screen section and a 0,.02-square-inch opening screen section, The two 
undersize products go to separate storage bins that feed the magnetic separa- 
tor; the oversize product is fed to an 8- by 5-inch laboratory roll in closed 
circuit with the Humemer screen, 


The magnetic separator is a Dings six-pole, high-intensity, crossbelt- 
type machine, The first crossbelt removes an iron product, largely metallic 
iron, that assays about 5.0 percent WO,, This product is now stored pending 
development of a suitable process for upgrading it. 


The second crossbelt removes a middling product assaying 15 to 20 percent 
WO3 and containing some metallic iron, sulfides, rhodochrosite, and hubnerite, 
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The third, fourth, fifth, and sixth crossbelts remove a high-grade hub- 
nerite concentrate assaying 70 to 73 percent WO3, The end product, which is 
nonmagnetic, contains scheelite, fluorite, and sulfides that assay 15 to 20 
percent WO3. 


A Pangborn bag-type dust collector is used in conjunction with the mag- 
netic separator and the drying circuit. The dust collected from these cir- 
cuits assays approximately 45.0 percent WO3. The scheelite, middling, and 
dust products from the magnetic separator are processed in the chemical plant 
producing synthetic scheelite,. The chemical plant began operating on March 
15, 1955, It produces a high-grade sintered scheelite concentrate, Details 
of the chemical plant are not available for publication, 


Table 34 shows the concentrate distribution and table 35 the heat-lamp 
drier costs, 


TABLE 34, - Concentrate distribution, Tungsten 
Mining Corp, 


Distribution W03, 
Product percent | percent percent 
All-jig concentrate,.. 37.0 63.0 44.0 
Table concentration 
and flotation,....... 63.0 46.7 56,0 
Total ae 100.0 


TABLE 35, - Heat-Lamp drier operating cost, 
Tungsten Mining Corp, 


Power (lamps)... 
Power (drive)... 
Supplies....ccee 


Labor (operation 

and maintenance)=' ,,, 
Total cost per ton of 
concentrate dried 


Estimated cost, 


Minerals Engineering Co,; Montana Tungsten Division 


The Glen mill of the Montana Tungsten Division of the Minerals Engineer- 
ing Co, is 23 miles north of Dillon, Beaverhead County, Mont. The mine is 
9-1/2 miles northwest of the mill. The ore is truck-hauled from the mine to 
the mill by ten 18-ton trucks. The ore occurs along a contact of limestone 
and hornfels with a quartz-monazite known as the Pioneer batholith, The min- 
eralized zone referred to as tactite results from the metasomatic effects of 
the intrusive and is composed chiefly of garnet, The principal tungsten min- 
eral is an impure, fine-grained scheelite disseminated throughout the tactite. 
Other minerals present are minor amounts of powellite, molybdenite, chalcopy- 
rite, azurite, malachite, and garnet. Other gangue minerals are calcite, 
orthoclase, garnet, chalcedony, and quartz, 


The mill treats an average of 900 tons of ore per 24 hours, using 
flotation and tabling methods, The mill water is pumped 12,000 feet from the 
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Big Hole River by two-stage pumping; there are two pumps at the river and two 
at the booster station, The total lift is approximately 500 feet. During the 
cold winter weather the mill-circuit water is heated to 65° to 70° F. and fed 
to the ball mills. 


The average mill feed assays 0.35 to 0.40 percent W0O3, the tailing 0.035 
percent WO3, The average recovery is 92.0 percent. The mill produces high- 
and low-grade products, The high-grade products, which assay 55 to 60 percent 
WO3, are shipped for upgrading to the Salt Lake Tungsten Co, at Salt Lake City, 
Utah, owned by Mineral Engineering Co. An acid leach removes the copper and 
sulfur. The low-grade product, assaying approximately 10 percent W0O3, is also 
shipped to the Salt Lake Tungsten Co, chemical plant for pressure digestion 
and conversion to synthetic scheelite. The chemical plant section of the Salt 
Lake Tungsten Co, is owned jointly by the Minerals Engineering Co. and the 
Sylvania Electric Corp. Figure 28 is the flowsheet of the milling operations. 


Crushing and Grinding Section 


Ore from the open-pit mine is truck-hauled to the crushing plant in 18- 
ton-capacity trucks and dumped on a Traylor apron feeder or stockpiled near 
the crushing plant. The apron feeder delivers the ore to a 24- by 36-inch 
Rogers jaw crusher for reduction to 3 inches, The crushed product is con- 
veyed to a surge bin from which it is conveyed to a 4- by 10-foot Allis- 
Chalmers vibrating screen with 3/4-inch openings. A stacker conveyor feeds 
the screen oversize to a 4-foot Symons short~-head cone crusher set at 5/8 
inch. The crushed product and the screen undersize are combined and conveyed 
to an open-air stockpile, 


Under the stockpile are two concrete tunnels housing a conveyor system 
that feeds the ball mills of two parallel circuits, Circuit 1 consists of a 
7- by 8-foot Traylor ball mill in closed circuit with a 60-inch Akins classi- 
fier, Circuit 2 consists of a Marcy 75 ball mill in closed circuit with a 
48-inch Akins classifier, The overflow from each classifier is maintained at 
30 to 35 percent solids, The grind is between 47 and 50 percent minus-200- 
mesh, with 3 percent on 65-mesh, 


Concentration 


The classifier overflow from circuit 1 flows by gravity to a No, 24 
Denver unit cell for the primary roughing stage. The unit cell produces a 
concentrate and tailing. The concentrate is fed to No, 1 Deister table for 
the final cleaning, The tailing is fed to a L0-cell bank of No, 18 MS rough- 
ers, with the feed entering the bank at cell 2, The concentrate from the 
first three rougher cells is combined and routed to No. 1 Deister table. The 
concentrate from the remaining seven cells is combined and recirculated to 
cell 1. The rougher tailing flows to an eight-cell bank of No. 24 Denver 
scavenger cells, the feed entering the bank of cells at cell 1. The concen- 
trate from the last seven scavenger cells is combined and recirculated to 
scavenger cell 1, whereas the concentrate from cell 1 is routed to No, l 
Deister table for cleaning. The scavenger-circuit tailing flows to waste 
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FIGURE 28. - Flowsheet, Glen Mill, Montana Tungsten Division, Minerals Engineering Co. 


after a representative portion of the tailing is passed over a pilot table for 
visual observation and plant control. Deister table 1 produces a final con- 
centrate and a tailing. The tailing flows to a 2-inch Wilfley pump and is 
pumped to a six-cell bank of No. 18 MS cleaners; the feed enters at cell 2, 
The concentrate from the first three cleaner cells flows to Deister slime 
table 2, The concentrate from the remaining three cleaner cells is combined 
and recirculated to cleaner cell 2, while the cleaner tailing is routed to 
cell 7 of the MS rougher circuit, 
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The Deister slime table produces a concentrate and tailing. The concen- 
trate, which assays 55 to 60 percent WO3, is placed in 20-gallon cans and 
shipped to the company upgrading plant at Salt Lake City for acid-leaching 
treatment to eliminate copper and sulfur from the concentrate, 


The slime-table tailing flows to a 12=- by 20-foot thickener, The thick- 
ener underflow is pumped to a 3-foot Eimco disk filter, The filter cake, 
which assays about 10.0 percent W0O3 and contains about 18 percent moisture, 
is bulk-loaded into railroad-automobile freight cars and shipped to the Salt 
Lake Tungsten Co, for the pressure-digestion treatment and conversion to syn- 
thetic scheelite, 


Part of the thickener overflow is utilized as makeup water in the scav- 
enger circuit; the remainder is used as wash water for the Deister slime table, 


The classifier overflow from circuit 2 flows to three sections of rougher 
cells; each section is made up of four No. 24 Denver-Buckman Sub-A cells, the 
feed entering cell 1 of the first section. The concentrate from the first 
three cells of section 1 is combined and routed to Deister table 1 of circuit 
1. The concentrate from cell 4 of the first section is recirculated to cell 
1. Tailing from this section goes to cell 5 of the second section, The con- 
centrates from all four cells of the second section are combined and pumped 
to cell 1 of the first section, and the tailing goes to cell 9 of the third 
section. Concentrates from all four cells of the third section are combined 
and pumped to cell 5 of section 2, The final tailing emerging from section 3 
is discarded to waste after a representative portion is passed over a pilot 
table for visual observation and circuit control, Table 36 shows the con- 
sumption of reagent and place of addition. 


TABLE 36. - Flotation-reagent consumption and place of addition, 
Minerals Engineering Co, 


Reagent Place of addition 
Soda ash...ccccccecccccce Ball mill 
Aliphat 44-E.....ccccccce Staged to rougher circuit 
Sodium silicate......cee. Staged to rougher circuit 
and cleaners 
Rougher circuit 


Pine oil 


Salt Lake Tungsten Co, Synthetic Scheelite Chemical Plant 


The Salt Lake Tungsten Co, custom chemical plant treats low-grade tung- 
sten concentrates to produce synthetic scheelite. The plant, at 2160 Indiana 
Ave., Salt Lake City, Utah, is owned jointly by the Sylvania Electric Products, 
Inc., and the Minerals Engineering Co. 


The plant treats low-grade concentrate from the Mineral Engineering Co., 
Montana Tungsten Division, at Glen, Mont., and from mines in Utah, Nevada, 
Colorado, and Arizona and other sources, Approximately 50 tons of low-grade 
concentrates is treated daily. 
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The process used is based on decomposition of the finely ground scheelite 


concentrate with sodium carbonate at an elevated temperature and pressure in 
reactors to produce a sodium tungstate and final precipitation of the sodium 
tungstate from the solution with calcium chloride to produce a synthetic 


scheelite - CaWO,. 


Figure 29 is the flowsheet of the Salt Lake Tungsten Co, 


synthetic scheelite chemical plant. 
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FIGURE 29. - Flowsheet, Salt Lake Tungsten Co. Synthetic Scheelite Chemical Plant. 
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Plant Operation 


Preparation of Tungsten Concentrate for Treatment 


Tungsten concentrates from various shippers are received by rail or 
truck, weighed, sampled, and stored individually on a concrete patio stock- 
pile. These individual lot shipments of concentrates assay 5 to 15 percent 
WO;. <A skip loader blends the various lots of concentrates to give a uniform 
feed, usually averaging 7 percent WO3. The skip loader then loads the blended 
concentrate into a feed hopper, Simultaneously, a predetermined amount of 
sodium carbonate is added into the feed hopper, and the mixture is conveyed 
to a Hardy ball mill for repulping and grinding. Most of the repulped mate- 
rial will pass a 100-mesh screen, Any coarse scheelite present is ground to 
minus-80-mesh, The Hardy ball mill is in closed circuit with a Hardinge 
countercurrent classifier and a Wemco screen having 80-mesh openings. The 
classifier overflow is fed to the Wemco screen, The classifier and screen 
oversize are returned to the ball mill for regrind, and the screen undersize 
flows to the digester feed tank. Wash water resulting from the plant's fil- 
tering operations is added to the ball mill to produce a slurry containing 
about 50 percent solids and 7 percent WO3, The prepared slurry is then pumped 
to a holding tank, from which it flows by gravity to a pressure vessel, High- 
pressure steam is then introduced into the pressure vessel to force the charge 
into the reactors, 


Digestion in Continuous Pressure Reactors 


The continuous pressure reactors used at the Salt Lake plant are made up 
of a group of six stationary vertical pressure vessels arranged in a circle 
and connected in series, through which the slurry passes in a continuous flow. 
The first pressure vessel in which the feed enters is 24 inches in diameter 
and 24 feet in height, The remaining five pressure vessels are 18 inches in 
diameter and 24 feet in height. All six pressure vessels are surrounded by a 
single housing to facilitate external auxiliary gas heating, 


Steam is introduced, and the temperature is increased until a reacting 
temperature of 370° F. and a pressure of 200 p.s.i. are reached, According to 
Blair T, Burwell (6) the reaction, as carried out in the pressure vessel, 
usually is given as; 


CaWO, + Na C03 Heat Na Qw0, + CaCOs. 
—_——> 
However, the mechanism of the reaction is probably first 


2Na C03 + HO Heat 2Na0OH + NagCO3 + CO». 
—> 

In the second equation the ratio of NaOH to NayjCO3 is a function of concentra- 
tion, heat, and pressure, In a closed vessel, the digestion is probably ef- 
fected by the concentration of the caustic soda; the CO» recombines with the 
caustic soda during cooling to form carbonate and bicarbonate, The process is 
best adapted to scheelite ores but can be used for other tungsten minerals by 
employing a caustic soda solution, 
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Application of heat and pressure to the abrasive slurry creates mechani- 
cal problems, The temperature and concentration of sodium hydroxide and so- 
dium tungstate are also critical, At the Salt Lake City plant automatic tem- 
perature controls are used on the reacting vessels to maintain high reacting 
efficiency, The rate of conversion of CaWO, to NajW04 decreases with increas- 
ing concentration of sodium tungstate which limits the process to low-grade 
material, under 15 percent WO3 content. Higher grade concentrates require 
multiple treatment, 


When the reaction proceeds at a temperature below the critical levels 
required to convert fluorine, tine, and other impurities to soluble sodium 
salts, the chemical attack is selective on tungsten and molybdenum minerals, 
If proper control of the pressure reaction is maintained, arsenic, antimony, 
and some phosphorus minerals are partly attacked; lead, copper, and other 
minerals are not affected however, 


Pressure Filtration 


The digested material or slurry from the reactors flows through a series 
of cooling coils or heat exchangers and into a surge tank of approximately 28- 
ton capacity. From the surge tank the pulp flows to the filter-feed pressure 
tank, where it is subjected to about 40 p.s.i. air pressure to force the pulp 
to either one of the two Eimco-Burwell pressure filters. Each filter unit 
consists of 30 circular frames, each about 24 inches in diameter and 2 inches 
in width, mounted vertically on a horizontal revolving shaft. The shaft ro- 
tates the frames between 31 expandable plates at the start and end of each 
cycle, The filter cloths are permanently mounted on the plates with one 
strand of medium-heavy wire, When the frames are in position, the plates are 
closed on the frames, with air at 65 p.s.i. pressure, The material to be 
filtered is introduced into the bottom of the sealed frames by an automati- 
cally controlled valve. Loading of frames is metered to produce a separate 
cake on each filter surface with a division or "split" between the cakes, 


Following the feed cycle, high-pressure air is introduced through the 
same feed channel into the frames to blow out the pregnant tungsten~-bearing 
solution from the cake, Leaving a fairly dry cake. Two water washes are then 
introduced in the same manner, followed by a blow cycle to produce a final 
cake containing very low soluble values, The residual cake usually contains 
less than 15 percent moisture, which is about 30 percent less than can be ob- 
tained on a vacuum filter, Recovery of soluble tungstate exceeds 99.8 percent 
when 1 ton of water is used per ton of feed, The filter cycle is usually of 
23- to 30-minute duration, with the filtering capacity of each unit ranging 
between 30 and 35 tons per day. 


In the filtering process the first wash water is combined with the preg- 
nant solution and flows to the tungsten-precipitating tanks. The second wash 
is utilized in the grinding or repulping circuit, The residual cakes in the 
filter frames are dumped on a concrete floor immediately below the filter as- 
sembly, where they are picked up with a front-end loader and carted to waste, 
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Tungsten Precipitation From Pregnant Solution 


Sulfuric acid to eliminate CO» is added to the pregnant solution in the 
tungsten-precipitation tanks. The pH is raised to 8.5 with caustic soda, So- 
dium sulfohydrate and calcium chloride are then added to precipitate the tung- 
sten as CaWO,, The resulting slurry is then pumped to a vacuum filter-bottom 
tank, The filtrate from this tank flows to a settling tank and thence to 
waste, The remaining cake or precipitate in the filter bottom tank is washed 
with water until the soluble sulfate present is washed out of the precipitate, 
The washed cake is removed from the filter tank by hand shoveling and routed 
to the nodulizing kiln. 


NoduLlization 


Nodulization of the filter cake is conducted in a 24-foot by 32-inch gas- 
fired rotary kiln heated to 1,000° C, Flue dust is recovered in a scrubber 
and returned to the kiln. The nodulized synthetic scheelite, which assays 67 
to 68 percent WO3 is passed through a laboratory crusher and reduced to a 1/4- 
or 3/8-inch-size product, The crushed product is then sampled and packed in 
350-pound net weight drums for shipment to market, 


PROCESSING TUNGSTEN 


The high melting point of tungsten (3,419° C.), its reactivity, and the 
nonavailability of refractories that can be used to contain it in the molten 
State preclude the use of conventional reduction and melting techniques, The 
production of tungsten metal can be conveniently considered under four 
headings: (1) Decomposition of the ore or concentrate, (2) preparation of 
the pure oxide, (3) reduction to metal powder, and (4) conversion of the 
metal powder to massive metal. 


Production of Metallic Tungsten 


Decomposition of Ore and Concentrate 


The ore or concentrate used for preparing pure tungsten must be compara~ 
tively free of impurities, although most of the pure metal is made from wolf- 
ramite (2, pp. 1002-1007). Some plants, of somewhat different design, use 
scheelite as a starting material, 


Various methods are used to decompose the tungsten ores or concentrate, 
In one method the ore or concentrate is fused with sodium carbonate to form a 
water-soluble tungstate, About 2 hours at 800° C, is required for a charge of 
about 200 pounds of 70 percent W0O3 concentrate and 100 pounds of sodium car- 
bonate, The cooled mass is crushed to pea size and leached with water under 
agitation for a long period (usually 10 hours) to obtain a high extraction of 
the sodium tungstate, The resulting filtrate is acidified with hydrochloric 
acid to produce tungstic acid precipitate, which, when heated to about 1,000° 
C, is converted to tungsten trioxide, The reaction is H2WO4 + Heat = WO3 + 
H50. 
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Preparation of Pure Oxide 


The tungstic acid, oxide, or tungstate prepared by any of the various 
methods of extracting tungsten from its ores or concentrate is always impure 
and requires further treatment. The most usual impurities are iron, manga- 
nese, calcium, molybdenum, alumina, and silica, Others include lead, copper, 
titanium, sulfur, phosphorus, arsenic, antimony, bismuth, and tin, depending 
on the type of tungsten ore treated. 


Purification can be accomplished by several methods (33, 41). The sim- 
plest method begins with the sodium tungstate that results from the water 
extraction of the fused ore during decomposition of the ore, The soluble 
tungstate can be crystallized or treated with calcium to precipitate calcium 
tungstate, which reacts with hydrochloric acid, yielding tungstic acid, The 
tungstic acid is dissolved in an excess of ammonium hydroxide, and the impuri- 
ties are removed by settling or filtration, Reprecipitation with hydrochloric 
acid and resolution in ammonium hydroxide yield a high-purity ammonium tung- 
state, which, when converted to a tungstic acid precipitate and ignited at 
1,000° C., results in a high-purity tungsten trioxide product, 


Reduction to Metal Powder 


Tungsten powder, for use as pure metal, is produced by hydrogen reduction 
of purified tungsten trioxide, For use in manufacturing tungsten sheets, wire, 
etc., it must be free of impurities and of proper particle size, usually from 
1 micron or less to 10 microns, The purified tungsten trioxide powder is 
spread in thin layers on the bottom of iron or nickel "boats," then introduced 
at the cooler end of an electric tube furnace, The tube-furnace initial tem- 
perature is about 550° C., and the final temperature is approximately 1, 200° C. 
Variables that affect particle size are time, temperature, and flow of hydro- 
gen through the furnace, The "boats" are gradually pushed through the iron 
tubes against a stream of hydrogen entering from the opposite direction, 

Seven hours is usually required for the reduction, 


The tungsten trioxide powder in the "boats" goes through several stages 
of reduction before it is reduced to metal, The WO3 is yellow, the W205 deep 
blue, and WO» chocolate brown; they appear in the order named, The equation 
for the reaction is: 


WO03 + 3H5 =W + 3H20, 


For use in certain tungsten alloys or cast tungsten carbides, some lati- 
tude is allowed in the amount of impurities present in the metal powder. As 
the state of its subdivision is of minor importance, several methods for pro- 
ducing the metal can be used, such as the reduction of tungsten trioxide with 
carbon in an electric furnace, or in graphite or fire-clay crucibles; reduc- 
tion with metals such as aluminum, zinc, or magnesium; or electrolytic reduc- 
tion, The method selected mst be simple and economical for production of the 
desired alloy, A direct reduction of tungsten concentrate with carbon can 
also be made, but the product produced has not been widely adopted, 
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Conversion of Powder to Massive Metal 


Tungsten powder is converted into solid metal by compacting in steel dies 
with a two- or three-way hydraulic press and sintering. An electric current 
which through the pressed bars provides the heat for sintering. 


Before 1907 the tungsten metal produced was hard and brittle and could 
not be worked by mechanical means, The search for a method to produce tung=- 
sten in ductile form, so that it could be drawn into fine wire for electric 
lamp filaments, disclosed that a very pure tungsten powder is necessary for 
this purpose. Tungsten was first produced in ductile form (filament wire) 
through research work by Fink and Coolidge, two General Electric Co, inves- 
tigators, Their work in making ductile tungsten from the metal powder by 
suitable heat treatment and mechanical working was the basis for development 
of the modern process, 


In the production of ductile tungsten the high-purity powder is first 
pressed into bars approximately 24 inches long by 1/2 or 3/4 inch thick at a 
pressure of about 20 tons per square inch, At this stage the pressed bars are 
too fragile to handle, Therefore, they are pre-sintered in a hydrogen atmos- 
phere, in an electric furnace, consisting of an alundum mffle wound with a 
molybdenum heating element, at 1,000° to 1,200° C. for about one-half hour, 
The bars are then cooled to room temperature in a water-cooled chamber at the 
rear of the muffle, At this stage the sintered bars are still porous, very 
brittle, and lack crystalline structure but are strong enough for handling. 


The next step is to produce the desired crystalline structure and to re- 
move the voids by sintering with an electric current, A bar is suspended 
vertically from a water-cooled clamp, while the Lower end is clipped to a cop- 
per or molybdenum contact immersed in a water-cooled copper hood which dips 
into a ring of mercury, and dry hydrogen is passed through the enclosure, The 
electric current is then passed through the bar until its temperature is 
raised to nearly the melting point (about 3,200° C.). The bar is cooled to 
room temperature before it is removed from the furnace, 


For the production of rod or wire a bar is heated to 1,500° to 1,600° C., 
making it malleable so that it can be rolled or hammered, The heated bar is 
hammered in a swaging machine, which gradually reduces the diameter to the 
desired size, For wire drawing it is swaged until the rod reaches 0,1 inch 
in diameter, the size at which it can be drawn, The drawing operations are 
carried out under a gradually reduced temperature as the diameter of the wire 
decreases, 


Tungsten sheets are produced by hot working. The heated bar is first 
forged, then rolled to the required thickness, 


Production of Cemented Tungsten Carbide and Hard-Facing Material 


Tungsten carbide is produced in two chemical forms, tungsten carbide 
(WC) and tungsten subcarbide (W2C). The former is present in sintered car- 
bides, and both are present in the fused carbides, 
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In preparing cemented tungsten carbide, extremely fine tungsten-metal 
powder of high purity is used, After ball milling with the necessary amount 
of carbon, usually lampblack, the tungsten powder is carburized to produce 
tungsten carbide (WC). The amount of carbon used is slightly in excess of the 
theoretical 6.12 percent in tungsten carbide, The mixture is heated either in 
a high-frequency crucible furnace or a tube furnace at about 1,500° C. for 
1 to 2 hours, After cooling, under hydrogen, the tungsten carbide is crushed 
and milled (lL 1381-1383); G3 231-234) to pass a fine screen, 


The prepared tungsten carbide is then further milled in a stainless steel 
ball mill with cobalt powder, which coats each particle of tungsten carbide 
with a thin pellicle of that metal. The amount of cobalt added depends on the 
intended application of the final product, Increased cobalt additions in- 
crease strength and shock resistance of the product and decrease hardness, 
After milling, the powder is pressed in molds under hydraulic pressure to form 
billets of the desired shape, These billets are heated in hydrogen at a tem- 
perature (800° to 1,000° C,) that permits enough cohesion to prevent breaking 
while the material is being shaped with a steel tool to the desired form, 
Final sintering of the shaped article, packed in carbon or alumina, is accom- 
plished at between 1,400° and 1,500° C. for 30 to 60 minutes in a hydrogen at- 
mosphere, The time and temperature employed depend on the cobalt content of 
the article, During this last step cementation takes place, The final prod- 
uct consists of particles of tungsten carbide cemented together with cobalt, 


There are three important methods for shaping cemented carbides - cold 
press, hot press, and extrusion, The cold-press method has been described 
above, The hot-press method is utilized principally for making large pieces 
and intricate shapes, It differs from the cold-press method in that pressing 
and sintering are carried out at the same time, Pressure ranging from 500 to 
2,500 p.s.i. is applied to the carbide-cobalt mixture while it is being heated 
to a sintering temperature by a high-frequency current, The pressure is main- 
tained high enough to press the material in final forn, 


The extrusio.. method is essentially utilized for making rods, tubes, 
angles, twist drills, etc, The bonding material used in this method is mixed 
with a suitable plasticizer, such as sugar dissolved in alcohol. The mass is 
then extruded under high pressure in the desired shapes, Low-temperature 
volatilization of the organic binders and sintering treatment are similar to 
the one used in the cold-press method, 


Fused carbides are usually made by melting and casting scrap or tungsten 
powder with carbon, The castings are more brittle than sintered material and 
therefore, have a more restricted range of usage, However, they are harder 
and less costly than sintered tools and superior in certain applications. 
Items such as chemical spray nozzles, sand-blasting nozzles, valves, and valve 
seats for gaslines, which contain abrasive particles, can be made by casting. 
Fused carbides are extensively used in granular form as a filler material in 
hollow-steel welding rods, which can then be used to produce a hard-wear- 
resistant surface, The procedure for producing fused carbides is briefly 
described as follows: 
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Technically pure tungsten powder (99.0 to 99.5 percent pure), ranging in 
particle size from 50 to 500 microns, is mixed with tungsten metal and tung- 
sten carbide scrap. If carbide scrap is not available, about 3 percent of 
carbon is added in the form of graphite or lampblack. To improve castability 
and obtain a graphite-free carbide, 5 percent tantalum carbide may be added to 
the charge, before it is placed in a graphite crucible to which is attached a 
mold. The entire assembly is then placed in a specially designed horizontal- 
carbon-tube tilting furnace or in a high-frequency vertical furnace and heated 
to about 3,000° to 3,250° C. (5,432° to 5,882° F.). When the carbide becomes 
molten, it is poured in the mold and cooled to about 200° C,.; then the mold 
and crucible are removed from the furnace. When the casting becomes dark red, 
it is broken away from the mold and cleaned for use as such or crushed to 
desirable particle size for use as a filler for welding rods. 


Production of Ferrotungsten 


Ferrotungsten is produced from all types of tungsten ores but generally 
direct from clean concentrates containing at least 60 percent WO3. Satisfac- 
tory products are obtained with wolframite, scheelite, ferberite, or hubner- 
ite, separately or in combination, provided that the iron-tungsten ratio is 
such that it will permit formation of an alloy containing 70 percent or more 
tungsten. A usual combination is wolframite, 70 percent; scheelite, 25 per- 
cent; and ferberite, 5 percent, The reduction may be accomplished by several 
methods - namely (1) carbothermic, (2) aluminothermic, (3) silicothermic, (4) 
metallothermic, and (5) electric furnace. The electric furnace method is 
used most in the United States. 


In the crucible method ferrotungsten is produced mainly by reducing con- 
centrates or tungstic acid with carbon in crucibles. In this process a charge 
of concentrates, flux, steel, or scrap iron and coke or charcoal is placed in 
a clay-lined crucible and heated in a gas-fired furnace, 


In the aluminothermic method powdered aluminum is used to reduce tungsten 
ore or concentrate in an electric furnace, The particle size of the ore and 
the amount and size of the aluminum added control the speed of reaction and 
the efficiency of operation. Proper fluxing with line, soda ash, and fluor- 
spar, along with the aluminum, removes the gangue as slag. Since aluminum 
reduces metallic oxides, only high-purity concentrates are used to alleviate 
contamination of the charge. 


In the silicothermic method ferrosilicon is used; otherwise, the process 
is the same as the aluminothermic method. Ferrosilicon is used because of the 
lower cost. In this process the concentrate (generally scheelite) is charged 
into a molten bath of ferrosilicon in an electric furnace employing ferrosili- 
con electrodes. 


In the metallothermic method (a combination of the aluminothermic and the 
silicothermic methods) no extraneous application of heat is used. The reac- 
tion is started by the chemical reaction of a highly reactive ignition mixture 
composed of barium peroxide and ferrosilicon in the center of a charge of ore, 
ferrosilicon, and aluminum, When the reaction temperature is reached (about 
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5 minutes), reduction occurs, leaving a button of solidified tungsten in the 
hearth. A knockdown, hearth-type furnace is used for this type of operation. 


In the electric furnace method the ore or concentrate, in admixture with 
ferrosilicon and basic fluxes, is fed into small arc furnaces of the knock- 
down type. The slag is tapped at intervals while the metal is being collected 
as a solid block of alloy or a "button" - the most commonly used term. When 
the button reaches 8,000 to 14,000 pounds, the furnace is knocked down (dis- 
mantled), and the solid button of metal is cleaned and crushed to about 1 inch 
or finer, Text books by Li (33), Gregg (22, pp. 12-19), and Yntema and Percy 
(47, pp. 483-500) fully describe the reduction method of ferrotungsten in the 
modern electric furnace, 


Economical production of high-grade ferrotungsten from scheelite, wolf- 
ramite, and ferberite involves many problems, Copper, arsenic, tin, lead, 
antimony, bismuth, manganese, and sulfur are troublesome, Furthermore, speci- 
fications for carbon and silica in the ferrotungsten must be met (4, p. 391). 
Preparation of reasonably pure tungsten trioxide by wet methods and electric 
furnace reduction of this oxide are steps through which a very high grade 
product may be obtained, 


Use in Steel and Other Alloys 


In the production of tungsten steel tungsten may be added to the molten- 
steel bath as scheelite, as ferrotungsten containing 75 to 85 percent tungsten, 
as tungsten-steel scrap, or as tungsten-metal powder. 


In 1956 the total consumption of tungsten in the United States was 42 
percent in steel, 35 percent in tungsten carbides, and 13 percent in pure 
metal used for lamp filaments, switch contacts, or electronics equipment, 
Consumption of tungsten in 1956, by class of manufacture, is given in table 37. 


Tungsten additions of only 1 to 2 percent in tool steels result in tough 
and fine-grained-structure steels that are less likely to distort or crack 
upon hardening. Additions of tungsten in the lower percentages (under 6 per- 
cent) improve shock resistance; a higher percentage of tungsten additions im- 
proves wear resistance and hardness at working temperatures. High-speed 
steels normally contain 18 percent tungsten, 4 percent chromium, 1 percent 
vanadium, and 0.5 to 0.8 percent carbon. The chief property of tungsten in 
steel, in the presence of chromium, is its ability to retain considerable 
hardness at high temperatures (39, pp. V-2, 3). A carbon content between 
0.67 and 0.73 percent gives the best combination of hardness, cutting ability, 
wear, and shock resistance. The high-carbon types of high-speed steels are 
used in cutting tools, such as broaches, facing, boring, turning, and thread- 
ing tools, files, glass cutters, milling cutters, reamers, shear blades, lathe 
tools, and special carbide saws. When wear resistance is imperative, the _ 
high-carbon-type steels are used for manufacturing such articles as ball-mill 
plugs, Brinell balls, burnishing tools, centers for lathes and grinders, dies 
for extruding, swaging, wire drawing, gate=contact points, rock drills, sand- 
blast nozzles, teeth and jaws for excavators, and many other articles, 
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TABLE 37. - Consumption of tungsten, by class of 


manufacture, in 1956 


Thousand pounds of 
contained tungsten 


Steel: 
Hi Gh$speee asi 45 5.4066 bE 2,893 
Other tool steel ..4.406<6600% ¢ecee's 322 
Alloy steel (other than tool)..... 531 
High-temperature, nonferrous alloys.... 342 
Other nonferrous alloys.......ccccccsee 56 
Metal (wire, rod, and sheet)........... 1,242 
Carbides: Cemented, sintered, other... 1/3 426 
Chemicals: 
Fluorescent powders......cccccccces 54 
PISMONEG ¢. ocisic6inoaecere se o0.o eee Se aiere es 93 
OERED bisichuceemiewewdiewae cele anda ec 6 
Miscellaneouss! 56 ise iescewiceccesseecs 557 
fh) ot: ? Eee ee eee eee ee 9,722 


1/ Estimated to be 60 percent cemented or sintered and 
40 percent hardfacing and other. 

2/ Includes uses (not classified by reporting firms) in 
diamond-drill bits, electrical contact points, 
welding rods, etc. 


In the ferrous and nonferrous alloy, tungsten is alloyed with other ele- 
ments, such as chromium, cobalt, nickel, manganese, copper, molybdenum, and 
silver, to produce alloys for special purposes. 


Cobalt-chromium-tungsten alloy is “stellite” used as a cast-cutting tool. 
It maintains hardness and strength at temperatures above 1,000° F. and is used 
for hard-faced plates, rolls, crushers, exhaust valve seats, and pump parts 
subject to erosion and corrosion. It usually contains 38 to 60 percent co- 
balt, 5 to 20 percent tungsten, and 30 percent chromium, The carbon content 
may range from 1 to 2.45 percent, and the cobalt content may be lowered appre- 
ciably by adding 4 to 5 percent of molybdenum without impairing hot hardness. 
Sometimes 0.2 percent boron is added to enhance performance (39, pp. V-6). 


ANALYSIS OF TUNGSTEN 
Detection 
For the most part, tungsten minerals are satisfactorily decomposed by the 
hydrochloric-nitric-acid treatment, provided the material is ground to at 
least 200-mesh. By this treatment, scheelite and hilbnerite are easily decom- 
posed; ferberite is more difficult to decompose and wolframite the most diffi- 
cult to decompose and wolframite the most difficult of all (27, p, 682). 


To detect tungsten minerals in ores chemically, the finely powdered mate- 
rial is heated with aqua regia until the lemon-yellow tungstic acid is 
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obtained; then it is treated with hydrochloric acid and zinc, aluminum, or tin 
is added. If tungsten is present, a blue color forms in the solution or the 
yellow residue turns blue owing to reduction by the nascent hydrogen (38, p. 
148). 


To detect very small amounts of tungsten, thoroughly mix one-half gram 
of the finely powdered material with 4 grams of sodium carbonate, and fuse. 
Dissolve the fused mass in boiling water, and acidify the aqueous solution 
with an equal volume of hydrochloric acid, and add a small piece of tin; warm 
gently, if necessary. A fine blue color of either the solution or the resi- 
due indicates the presence of tungsten, A brown color is obtained if reduc- 
tion is continued long enough. Tin is preferred to zinc for reduction be- 
cause, if only a small quantity of tungsten is present, the zinc reduces it 
very quickly to the brown oxide; and the blue color is unnoticed, The action 
of tin is slower and much more certain, 


Columbium is the only other element that gives a blue color followed by a 
brown color under the conditions of this test. However, the columbium blue 
is less brilliant, and it can be distinguished from the blue of the tungsten 
trioxides by the fact that it disappears when the blue solution is diluted 
with water, Vanadium gives a blue color when solutions of its salts are re- 
duced; but tartaric acid also will cause this reduction, However, it will not 
reduce tungsten trioxide. Molybdenum on reduction goes through a series of 
color changes from violet to blue to black, Titanium gives a violet color. 
No other elements will interfere with the reduction test for tungsten. 


The use of the ultraviolet lamp (sometimes referred to as "black Light") 
for detecting tungsten mineral is limited to scheelite, a fluorescent mineral. 
It is not effective for detecting ferberite, wolframite, or hubnerite, as 
these minerals do not fluoresce under the ultraviolet light. Scheelite fluo- 
resces bright blue in the dark under the action of ultraviolet light. Use of 
this light has led to the discovery of important scheelite deposits. 


When invisible ultraviolet rays strike a mineral, it causes displacement 
of an outer electron in the atom, causing emission of fluorescent light having 
a greater wavelength than the incident ultraviolet ray. Fluorescence of 
scheelite is commonly blue, sometimes blue-white, cream or golden-yellow, but 
never green, red, or pink (44). 


Quantitative Analysis 


Determination in Ores and Concentrates 


Since there are no precise volumetric procedures for determining tungsten, 
the gravimetric methods are preferred. The element is determined as tungsten 
trioxide, WO3. It may be isolated in the form of tungstic acid, ammonium 
tungstate, mercurous tungstate, and preferably by precipitation with cincho- 
nine, all of which yield the trioxide (WO3) on ignition, 


The trioxide (W0O3) may be contaminated with silver, iron, molybdenun, 
phosphorus, chromium, silica, tin, antimony, columbium, or tantalum compounds. 
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The fusion of pure trioxide with sodium carbonate, and extraction with water 
leave no residue, Sodium, potassium and ammonium slats, phosphorus, arsenic, 
and molybdenum retard precipitation. A temperature of 750° C. is necessary 
for dehydration of tungstic acid. The ignition temperature should not exceed 
850° C. owing to the volatility of WO3,. In the ordinary course of analysis 
tungsten tends to separate with silica and vice versa, when the silica present 
is large, For this reason, it is highly important that, when tungsten is de- 
termined in siliceous ores, the tungsten be separated from the silica by vola- 
tilizing the silica with hydrofluoric acid alone or in combination with sul- 
furic acid in a platinum crucible. 


The following procedure for determining tungsten in ores and concentrates 
is a modified gravimetric method utilizing digestion with acids and precipita- 
tion with cinchonine that has been used for many years at the Reno Station of 
the Bureau of Mines on various tungsten ores with highly satisfactory results. 
This modified method is based on the assumption, proved by laboratory experi- 
ence, that by far the greater majority of tungsten samples analyzed do not 
contain the interfering elements, such as tin, columbium, tantalum, and tita- 
nium, Should ores contain these impurities, they must be removed. The impu- 
rities in scheelite ores often are silica, pyrite, and sometimes molybdic 
oxide or sulfides. A detailed description of the general method for separat- 
ing these elements is contained in the textbooks and bulletin by Hildebrand 


(27, p. 682), Scott (40, p. 1005), and Moore (35, p. 131). 


Procedure 


Ore samples are prepared by grinding in a laboratory Braun pulverizer to 
pass through a 200-mesh screen. Previously, the samples were ground in an 
agate mortar, but several check analyses of duplicate samples ground in the 
pulverizer and in the agate mortar to pass a 200-mesh screen showed no differ- 
ence in assay results. The pulverizer is utilized because of speed in prepar- 
ing a large number of samples daily. 


A 5-gram sample is taken for analysis for most ores, Smaller amounts are 
taken for high-grade ores and 0.5- to 1.0-gram samples for high-grade concen- 
trates. 


Place the weighed 5-gram sample in a 400-ml. beaker, digest with 200 ml. 
of concentrated hydrochloric acid, and cover. Boil gently until the volume is 
reduced to 25-50 ml. At this point start precipitation of the tungstic acid 
by adding 5-10 ml. of concentrated nitric acid, and continue boiling until the 
volume is reduced to about 5 ml. Add 200-250 ml. of hot water, followed by 
6-8 ml. of cinchonine solution (a)2/ to complete precipitation of the tung- 
sten. Allow the sample to stand at least 4 hours, preferably overnight. 
Filter the resulting precipitate of tungstic acid, silica, etc. Wash the 
precipitate five times with cinchonine wash solution (b), then with one cold- 
water wash. Then rinse the washed precipitate back into the original 
beaker with hot ammonia solution (c), and add 6 ml. of concentrated ammonia 


5/ Letters in parentheses refer to items in Appendix I at the end of this 
report. 
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hydroxide, Heat the contents of the covered beaker to boiling until all the 
yellow tungstic acid is dissolved. Then filter the solution through the same 
filter paper used in the initial filtration, and wash the precipitate six 
times with hot ammonia wash solution (c). Discard the washed precipitate, and 
boil the resulting ammoniacal filtrate containing the tungsten quickly to ex- 
pel all traces of ammonia, Dilute the filtrate to 200-250 ml. with hot water, 
and 5 ml. of concentrated hydrochloric acid and 6-8 ml. of cinchonine solution 
(a) to reprecipitate the tungstic acid. Stir the solution vigorously to co- 
agulate the precipitate, Allow the solution to stand at least 4 hours, pref- 
erably overnight; then filter and wash the reprecipitated tungstic acid five 
times with cinchonine wash solution (b). Transfer the filter paper and pre- 
cipitate to a platinum dish or crucible, and heat them on a hot plate until 
moisture is expelled and charring of the filter paper begins; then place the 
dish or crucible in an electric muffle furnace and ignite it at 800° C. until 
all the carbon has been burned off and the tungstic acid converted to the 
oxide, WO3, At this point the WO3 is not pure; the principal contaminating 
elements are silica, iron, and usually molybdenun. 


Remove the silica by treating the igniting WO3 in the platinum dish or 
crucible with a few milliliters of hydrofluoric acid and evaporating to dry- 
ness on a hot plate, followed by a short ignition in the electric miffle fur- 
nace at 800° C. After removal of the silica, cool and weigh the platinum 
dish or crucible containing the WO3, together with small amounts of iron and 
possibly molybdenum, Add enough sodium carbonate to produce a fluid melt to 
the weighed platinum dish or crucible (usually 1 or 2 grams is adequate for 
most ore samples, but more is required for precipitates from concentrates and 
other high-grade material) 


Next fuse the contents of the dish or crucible over the flames of a 
Fischer or Meker-type burner, until a clear liquid melt is obtained. When 
cool and solid, extract the fused mass with boiling water, washing the solu- 
tion through a filter that retains any Fe(OH)3 precipitate formed; the tung- 
sten passes into the filtrate as NaQWO4. Wash the Fe(OH)3 precipitate several 
times with hot water to remove all of the NagWO, and NajMo0O,, if molybdenum is 
present. Then transfer the washed Fe(OH)3 precipitate and filter paper back 
to the original washed platinum dish or crucible, dry, and ignite in an elec- 
tric muffle furnace at 800° C. until the carbon is burned off and the Fe(0H)3 
is converted to Fe903. Cool and weigh the crucible or dish and residue. 

This weight, subtracted from the first weight obtained, gives the weight of 
WO3 plus MoO3 from any molybdenum present. 


Molybdenum is corrected by colorimetric determination in the filtrate 
from hot-water extraction of the sodium carbonate fusion. The colorimetric 
determination is made by the SnCl9-KSCN method after the Na7C03-Na WoO, fil- 
trate is acidified with sulfuric acid, using tartaric acid to prevent precipi- 
tation of tungstic acid. The amount of molybdenum determined colorimetrically 
is calculated to MoO3 and deducted from the weight of impure WO3 determined by 
the two weighings; the difference is reported as WO3, 
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Colorimetric Determination of Molybdenum 


The alkaline filtrate obtained above contains the tungsten and molybdenum; 
not more than 100 ml. in volume is transferred to a 250-ml. separatory funnel. 
One gram of tartaric acid is added and the solution made weakly acidic with 
1-1 sulfuric acid and cooled to 15° C. Twenty-five ml. of 8-percent ferric 
sulfate solution (d) and 10 ml. of 5-percent KCNS solution are added. The 
stoppered flask and contents are shaken vigorously for several minutes, then 
treated with 5 to 10 ml. of stannous chloride solution (f) and again shaken 
vigorously for several minutes. Tungsten may precipitate upon addition of 
ferric sulfate, but it does not interfere, 


The stannous chloride solution reduces the iron from the ferrous to the 
ferric state and the molybdenum from the sexivalent to the quinque-valent or 
quadrivalent condition. The potassium thiocyanate reacts with the reduced 
molybdenum to give an amber or reddish-brown color to the solution, depending 
on the amount of molybdenum present. Next, the solution is cooled to 15° C., 
50 ml. of ether is added, and the separatory funnel is stoppered and shaken 
vigorously several minutes and allowed to stand until the liquid has separated 
into two distinct layers. The acid layer, which will contain all of the tung- 
sten, is drawn off and discarded (at this point, if the lower layer shows any 
pink color, it must be given a second treatment with ether), and the upper or 
ethereal layer will contain all of the molybdenum, It is drawn off into a 50- 
ml, comparison tube and diluted with ether to the 50-ml. mark, The comparison 
tube is stoppered with a soft cork to prevent evaporation of the ether, and 
its contents are mixed thoroughly by manipulating the tube in the usual man- 
ner. After standing for several minutes it is ready for comparison with the 
standard. The weight of the molybdenum in the sample is then determined by 
comparing the intensity of the color of the ether solution of potassium molyb- 
denum thiocyanate with the standard solution that contains a known amount of 
molybdenum. Any molybdenum found is calculated to Mo03 and deducted. The 
weight of the impure WO3 precipitate, minus the weight of Ta205 + Cb20s, 
Fe203, and MoO, found, gives the weight of WO3 in the sample. The weight of 
WO3 is multiplied by 79.31 and divided by the weight of the sample taken to 
give the percentage of tungsten. 


The standard for comparison is prepared by placing 25 ml. of 8-percent 
ferric sulfate solution (d) in a 250-ml. separatory funnel and adding the 
standard molybdenum solution (g) from a burette. The solution is diluted with 
cold water to approximately 100 ml., and development of the molybdenum color 
and extraction is completed as above for the sample. It is advisable to allow 
the molybdenum solution to stand in the comparison tube several minutes before 
comparing it with the standard, as the intensity of the color sometimes 
changes at first but remains stable thereafter for several days, and even 
longer if kept in the dark when not in use, 


The percentage of molybdenum in the sample is then determined by compar- 
ing the intensity of the color of the ether solution of potassium-molybdenun- 
thiocyanate with that of the standard, The comparison can be made by use of a 
colorimeter or spectrophotometer and preparation of a calibration curve. An 
alternate method follows: The darker of the two solutions (the sample and the 
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standard) is diluted carefully with ether and mixed thoroughly until they 
match exactly. The amount of molybdenum per milliliter in the standard is 
then figured and the weight of molybdenum in the precipitate is calculated by 
multiplying the weight of molybdenum in each milliliter by the number of mil- 
liliters, The following example illustrates the calculation: In comparing 
the standard with the sample, 3 ml. of standard molybdenum solution (1 ml. = 
0.0002 gm. Mo) was used and diluted to 44 ml. with ether, therefore: 

3 x 0.0002 = 0.0006 em. Mo; or 0.0006/44 = 0.0000136 gm. Mo per ml. The san- 
ple was diluted to 36 ml.; hence 36 x 0.0000136 = 0.00049 gm. Mo in the san- 
ple, 0.00049 gm. Mo x 1.5 = 0.000735 gm. MoO, in the sample. 


Colorimetric Determination of Tungsten in Low-Grade Ores 


The following short colorimetric method is a modification of the method 
developed by Grimaldi and North (23). It is used by the Nevada Scheelite 
Corp. for estimating the WO, content of low-grade mine ores and mill feeds, 


Procedure 


Fuse 1 gram of pulverized sample with 5 grams of sodium peroxide in a 50- 
ml, Armco-iron crucible with cover (a Braun-iron crucible No. 23935 and a 
Merck blast burner). The fusion requires about 4 minutes. Cool and tap the 
melt into a dry, 400-ml. beaker. Add 100 ml. of boiling alcohol wash solution 
(h). Wash the crucible and cover into the beaker. Boil approximately 5 min- 
utes to eliminate the excess peroxide. Cool, and transfer to a 250-ml. volu- 
metric flask, diluting to the mark with l-percent sodium hydroxide solution. 
Allow to settle, and shake. Filter on a dry Whatman No. 40 paper into a dry 
beaker until about 40 ml. of filtrate has been collected. Pipette a 25-ml., 
portion of this filtrate into a 100-ml. volumetric flask. Cool with tap 
water, add 10 ml. of concentrated sulfuric acid very slowly, and cool, Add 5 
ml, of FeSO, solution (i), 20 ml. of concentrated HCl, and 5 ml. SnCl2 solu- 
tion (j). Place the flask in a boiling-water bath for 5 minutes, then cool 
in a running-water bath to room temperature, Add 10 ml. KSCN solution (k). 
Cool to 20° C., and dilute to the mark with distilled water. Allow 5 minutes 
for color development, transfer a suitable portion to a colorimetric tube, 
and determine the percent transmittance, using a 400-millimicron filter (No. 
42 blue colorimeter filter); use a reagent blank carried through the same pro- 
cedure for a 100-percent transmittance setting. Also, use a sample of stand- 
ard solution (1) carried through from the point where 25 ml. of the filtrate 
is pipetted into a 100-ml. volumetric flask, 10 ml. of standard solution, and 
25 ml, of water. The standard solution usually gives a reading of 0.81 to 
0.86. When the percentage of transmittance shows the tungsten trioxide con- 
tent to exceed 1.25 percent, a determination can be made at the expense of 
accuracy by using a corresponding smaller portion of the filtrate and mlti- 
plying results by a conversion factor. For example, if 10 ml. is taken, 
multiply by 2.5. 


Caicurations ESC WO3 unknown _ 0.050 percent W043 
Reading of X Reading of standard 
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Rapid Fluorescence Estimation of Molybdenum in 
Scheelite Ores and Concentrates 


Many scheelite ores contain powellite (Ca, Mo, W)0O,. 


In the past the 


molybdenum content of scheelite tungsten ore could be effectively determined 


only by chemical analysis. 


An investigation in the laboratories of the Fed- 


eral Geological Survey resulted in improvement of the fluorochemical method 
to such a degree that it may now be used to determine accurately the molyb- 


denum content of commercial scheelite. 


istic blue. 


Pure scheelite fluoresces a character- 
Small amounts of molybdenum alter the emission from blue to white 


to yellow. When the fluorescence is white, the scheelite contains roughly 
0.35 to 1.0 percent molybdenum; when the scheelite fluoresces a distinct yel- 


low, the ore contains more than 1.0 percent. 


This method is particularly use- 


ful for a quick check on a scheelite concentrate to determine if the molybde- 


num content is subject to a price penalty. 


of molybdenum and tungsten is shown below: 


The effect of varying proportions 


Mo, percent Fluorescence 

Scheelite........... | Negligible Strong blue 

DO 6k eae bek-aees | LEace Paler blue 

DOS dstaiiedacteeed | Oss9-L.0 Strong blue 

DO rsh eS eww ewes <1.0 Yellow 

DO Si6o6 bce we els 4.8 Strong yellow 
Powellite.......ceee - Do. 
Cuproscheelite...... - Yellow 


Procedure 


Prepare a series of standards, using pure calcium tungstate, Thoroughly 
mix portions of pure calcium molybdate into the calcium tungstate, so that the 
standards will contain 0.05, 0.10, 0.15, 0.20, etc., percent molybdenum, the 
molybdenum content of the series of standards to be within a range best suited 
for the purpose. Mount the standards on comparison cards; or, place the 
standards in tin or stainless steel cups 1 inch in diameter and 1/4 inch deep; 
fill level full. Arrange the standards in a circle; next place the finely 
ground sample of ore or concentrates in the center of the circle. Then take 
a card, and cut two holes of the same size into it. Place the card over the 
sample and standards, with the center hole of the card over the sample and 
the outer hole over the standards. Hold an ultraviolet light over the card, 
and rotate the card over the standards until the fluorescence color of the 
sample matches the fluorescence color of the standard. The accuracy of these 
determinations can be increased by using a greater number of standards. 
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APPENDIX I 


Solutions required for tungsten analysis: 


a. Cinchonine solution: 125 g. of cinchonine dissolved in 1 l. of 1:l 
HCl. 
b. Cinchonine wash solution: 30 ml. of cinchonine solution, 30 ml. of 


concentrated HCl in 1 1. of H90. 


c. Ammonia wash solution: 100 ml. of concentrated NH4OH, 5 g. NH,Cl, 900 
ml. HO. 
d. Ferric sulfate solution: 8%: 80 g. of ferric sulfate is dissolved in 


1 1. of 20 percent sulfuric acid, 


e, Potassium thiocyanate (KCNS) 5% solution: Dissolve 5 g. of KCNS in 


i. Stannous chloride solution: 350 g. SnClo is added to 200 ml. of 1:1 
hydrochloric acid in a 500-ml. Erlenmeyer flask and the liquid boiled 
gently until the salt has almost dissolved. Transfer to a liter bot- 
tle, and dilute with freshly boiled water to 1,000 ml. Adda few 
pieces of metallic tin to prevent oxidation. 


g. Standard molybdenum solution: 1 ml. equals 0.0002 g. of Mo. Prepare 
solution by dissolving 0.430 g. of PURE sodium molybdate in 1 1. of 
water containing 10 ml. of 1:1 sulfuric acid, and mix thoroughly. 

100 ml. of this solution is measured carefully with a calibrated 
pipette into a 250-ml. beaker, 12 ml. of 1:1 sulfuric acid is added, 
and the solution is put through a Jones reductor into a solution of 
ferric sulfate and titrated with a standard solution 0.05 N in potas- 
sium permanganate (1 ml. equals 0.0016 g. Mo). A blank determination 
is run on the reductor and the solution of ferric sulfate (this amounts 
to 0.3 ml.), passing 100 ml. of 6 percent sulfuric acid and 150 ml. of 
water (the same amount as in the analysis) through the reductor in ex- 
actly the same way as the molybdenum solution and titrating the liquid 
with permanganate, The amount of 0.05 N permanganate required to im- 
part a pink tint to the liquid constitutes the blank to be deducted 
from the burette reading when the molybdenum solution is standardized. 


h, Alcohol wash solution: Add 50 ml. of alcohol (Sheallacol) to 1 1. of 
distilled water. 


: OF Ferrous sulfate solution: Dissolve 10 g. of ferrous sulfate in 100 ml. 
of 10-percent sulfuric acid solution. 


ae Stannous chloride solution: Dissolve 23 g. of SnCl5 in concentrated 


hydrochloric acid, and dilute to 50 ml. with concentrated i a 
acid. Prepare fresh daily. 
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Potassium thiocyanate solution: Dissolve 20 g. of KCNS in 80 ml. of 
water. Prepare fresh daily. 


Standard solution: Dissolve 100 mg, of pure ignited WO3 (or equivalent 
sodium tungstate) in a few ml. of water that contains 1 g. of N,OH; 
heat until clear, and dilute to 100 ml. in a volumetric flask (check 
the tungstic content gravimetrically). Transfer 50 ml. of the solu- 
tion to a 1,000-ml. volumetric flask, add 48 ml. of the 50-percent 
NaOH solution, and dilute to the mark. This is the working standard - 
1 ml. equals 0.0500 mg. WO,. 


Sodium hydroxide solution, 50 percent: Dissolve 250 g. of N,OH in 
water, and dilute to 500 ml. 
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